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Sport specific knowledge, experience, skill and technique are crucial for elite 
windsurfers. Then, to what extent the physiological fitness and muscle capacity were 
affected due to the recent rule changes in the Olympic course in windsurfing, notably 
the allowance of continuous pumping to aid progress? 
In order to obtain a physiological profile of elite windsurfers who have been competing 
under the new rules and achieved good results in the past 7 years. Ten (male=5, 
female二5) elite level windsurfers, included male and female European Champions, 
World Champions and Olympic medalists, were assessed physiologically. The 
parameters being investigated were height, weight, body fat, pulmonary function, hand 
grip strength, sit & reach flexibility, aerobic power (MVO2), anaerobic capacity, 
isokinetic knee and trunk muscles' capacities. The results showed that the modem elite 
windurfers possessed a high physiological and muscle capacity. 
As pumping is becoming a significant part in windsurfing, it is important to identify the 
general pattern of joints' movement pattern of pumping and the muscle fatigue pattern 
that occurs during continuous pumping. For achieving this aim, a pumping simulator 
was built in Hong Kong Sports Institute to assimilate the pumping action in "up wind" 
style. Two methods had been used to reveal the muscle condition during a fatigue 
induced pumping simulation task. For the first method, six windsurfers from Hong 
Kong National squad performed one 3-minutes all out pumping movement on the 
i 
simulator. Kinematic data of two sets of three consecutive pumping cycles, the first set 
was recorded at the start of the exercise and the other one was recorded at the end of the 
exercise, were compared to identify the changes of major joints' kinematics across the 
time. The motion of the wrist, elbow, shoulder (on sagittal and frontal planes), waist, 
hip, knee and ankle joints were assessed. The kinematic data of the initial cycles were 
used to describe the joints' movement pattern in pumping. The results also showed that 
ankle plantarflexors and dorsiflexors, waist extensor and flexor, mid-deltoid as well as 
wrist extensor and flexor, were affected the most. 
As the kinesiological method can only account for the muscle condition at two distinct 
points, a second method, surface EMG, was employed to monitor the muscle fatigue 
condition along with the pumping exercise. In order to document that mean power 
> ； 
frequency (MPF) and median power frequency (MEDPF) of surface EMG can reveal the 
muscle fatigue condition under dynamic muscle action in athletic group, eighteen 
athletes from Hong Kong Sports Institute (male: n=12 and female: n=6) performed knee 
extension and elbow flexion exercises maximally for 50 repetitions and 40 repetitions 
respectively on a Cybex 6000 isokinetic muscle test machine at 180 deg.sec'. MPF and 
MEDPF of the assessed muscles and the work output of each repetition of both 
movement tests were recorded. The results indicated that decrease of MPF and MEDPF 
can be used to indicate muscle fatigue. Then two Hong Kong elite windsurfers 
performed one three minutes all out pumping movement on the simulator, and the 
surface EMG of seven muscles were recorded for the whole period. MPF and MEDPF 
were calculated in each pulling cycle for all the assessed muscles. By analysing the 
MPF and MEDPF of each pulling cycle in relation to the working time, patterns of 
ii 
muscle fatigue were identified for each muscle group. This fatigue pattern may 
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CHAPTER 1. 
GENERAL INTRODUCTION 
The year 1984 marked the introduction of the new sport of windsurfing to the Olympic 
games in Los Angeles and it is becoming increasingly popular. The sport also has 
several competitive orientations including wave jumping, slalom sailing, funboard 
competitions and Olympic course sailing. The equipment used in windsurfing is 
basically a surf board and a universal joint makes all the equipment on the board 
movable, so they can be well controlled by the surfer. The windsurfer stands on the 
center of the board with feet positioned on each side of the universal joint. The boom is 
held in the hands for control of movement. The surfer's feet are in control of the 
surfboard, while the arms and torso are in control of the sail and steering of the board. 
Forcing the mast forwards and backwards by arms and shoulders using a pumping 
action that allows the board to sail upwind or downwind. The faster the boom 
movement or pumping action, the faster the board will go. 
、 
For most sports, athletes competing at elite level generally have unique physical and 
physiological profiles which match with the requirements of the sport. These 
characteristics may distinguish the elite athletes from athletes competing at lower level 
in the same sport. However, it is difficult to determine whether or not these unique 
characteristics are a function of pre-selection for the sport or represent adaptation which 
occurs in response to strain at this level. 
Windsurfing is a sport which requires the skills of balance and control, coupled with the 
physical and physiological attributes of strength, and muscular endurance. However, 
there was relatively limited scientific information concerning the physiological 
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component of the sport, especially with more recent changes in the rules of competitive 
winsurfing by allowing unlimited pumping in Olympic course sailing. 
Each windsurfing regatta of Olympic standard course comprised 4 - 6 consecutive days 
of racing with 2 - 3 races each day. Usually each race lasts for about 45 minutes. This 
schedule may suggest windsurfers require a high aerobic capacity for obtaining 
continuous supply of energy throughout each race and for better recovery between 
races. A study of Australian elite windsurfers showed that their average relative MV02 
(maximum oxygen capacity) result was 65.98 ml.kg'^min ^ which exceeded those of 
untrained counterparts (1). The same authors found out that windurfers demonstrate 
sustained elevation of heart rate during windsurfing under both intense and light to 
moderate wind conditions. The sustained elevation of heart rate reflects, in part, the 
aerobic demands of windsurfing. In addition to the energy supply system, Allen and 
Locke (1) noted that the windsurfers had to use the hands and arms in controlling the 
sail which make their grip strength higher than the sailors in other categories. 
As specific skill and physiological components of windsurfers which enhance 
performance are ill defined, and there is little evidence derived from elite windsurfers, it 
is difficult for coaches to design specific training programs accordingly. Therefore, 
there is a need to study the physiological components of skilled windsurfers in order to 
learn more about the physiological demand in windsurfing. In addition, this information 
can be used in developing talent identification programme for windsurfing. 
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Measurement of the performance characteristics of windsurfing under controlled 
condition is difficult in competition on the open sea. Therefore, it is important to 
develop an ergometer which assimilates the conditions in a controlled environment. 
This ergometer must be able to provide a valid representation of the actual performance 
condition. To the best of the author's knowledge, there was only one windsurfing 
pumping simulator described in the past studies (2.). As the author perceives the 
limitations of this system, which was described in detail in Chapter 3, there is still a 
need to develop another windsurfing pumping simulator for assessing physiological 
demands in windsurfing. 
Optimal body action sequences have been identified for several sporting movements, 
e.g., wheelchair push (3), rowing stroke (4) and running (5). The knowledge about the 
optimal body action sequence will assist the respective coaches to develop specific 
muscle training program for their own sport and assist in improving skill. Hence, what 
was the optimal body action sequence in windsurfing pumping? Moreover, because of 
the requirement of repetitive pumping action for a long period during windsurfing 
competition, an elite windsurfer must have good muscular endurance or the ability to 
tolerate muscle fatigue. The information about the kinetic adaptation of pumping action 
with muscle fatigue was important when selecting the duration of pumping exercise and 
identifying the muscles have to be strengthen and improve in endurance in order to 
delay the effect of muscle fatigue during competition. However, the kinetic adaptation 
of pumping action with muscle fatigue was still remained unexplored. Due to the 
varying wind and water condition, it is impossible to keep the experimental variables 
for the pumping movement and subjects under control on open water. In order to access 
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the muscle performance and muscle activation pattern in windsurfing pumping, all the 
tests have to be performed on a pumping simulator. 
The aims of this study were therefore: 
1. to document the physiological characteristics of the elite windsurfers. 
2. to develop a valid and reliable windsurfing pumping simulator. 
3. to identify the sequence of co-ordination of various joints in pumping . 
4. to assess the change of muscle response in elite windsurfers during continuous 
fatigue pumping. 
The information obtained in this investigation would assist windsurfing coaches in 
understanding the physiological requirement in windsurfing and muscle working 
condition in windsurfing pumping. Hopefully, specific training programs for 
windsurfers can be planned accordingly. 
The topics listed below are discussed in the following Chapters. 
Chapter 2- to evaluate the physiological conditions of 10 elite windsurfers who had 
achieved good results in the past 7 years under the new competition 
rules. 
Chapter 3- to introduce the set up of a windsurfing pumping simulator. 
Chapter 4- to identify the joints' movement pattern in pumping and the change of 
this pattern as muscle fatigue set in by kinesiological method. 
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Chapter 5- to monitor the muscle fatigue pattern of continuous fatigue pumping 
through surface EMG monitoring. 
Chapter 6- conclusion 
Chapter 7- references 
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CHAPTER 2. 
Physiological characteristics of elite windsurfers 
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Abstract 
Ten (male二5, female二5) elite level windsurfers, including male and female European 
Champions, World Champions and Olympic medalists, were assessed physiologically. 
Physiological profiling of the present elite windsurfer group has shown that their height 
and weight measures tended to be homogenous (height: 174-176 cm and weight:65-67 
kg for the males; height: 165-167 cm and weight:57-60 kg for the females). Percentage 
body fat was 6.8±2.2% for the male subjects and 19.2±5.4% for the female subjects. 
Aerobic power result (V02max) was 59.8 mLkg^min"^ and 48.4 mLkg"^min"^ for the 
male and female subjects, respectively. Sit and reach flexibility test result, trunk 
extension and flexion Cybex muscle test results were found to comparable to other 
groups of sportsmen/sportswomen. In contrast with the past studies, this subject group 
scored relatively high in the lower body anaerobic test and knee Cybex muscle test. 
Such differences may be due to the incorporation of continuous pumping in the game. 
Possession of all these physiological capacities in this group of elite windsurfer may 
reflect the physiological strain of the game, in particular with the incorporating of 
continuous pumping during competition. 
Page : 8 
2.1 Introduction 
In the past, study on the physiological condition or requirement for sailing is 
scarce, since it seems that sailing requires low energy cost. As Bemardi et al. (6) 
stated that from the Sports Medicine perspective, sailing exercise does not 
appear to deserve special attention for avoiding danger to the cardiovascular 
system, at least in light weather conditions. But it had been found that sailors 
who were in windsurfing had different physiological characteristics to those in 
other Olympic sailing classes. Plyley et al. (7) found that the predicted average 
V02max of boardsailors (i.e., windsurfers) of the Canadian National Yachting 
Team was 51.9 ml.kg'.min^ which was higher than the sailors from other 
categories of craft by about 7 ml.kg'^min'^ on average. In the same study, the 
authors also documented that boardsailors were shorter and lighter by about 8.6 
cm and 14.3 kg respectively in comparison with other sailors. Furthermore, 
windsurfing was characterized by a great static effort which was particularly 
great when the wind exceeds force 5-6 knots (8). But with the recent rule 
changes in the Olympic course in windsurfing, notably the allowance of 
continuous pumping to aid progress，greater physiological or physical stress is 
placed on the athletes. Oakley (9) noted that continuous pumping making 
windsurfing one of the most athletic sports in the world and, particularly in 
lighter winds, words like endurance, determination and effort have become part 
of the racing and coaching vocabulary. 
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As there is still little scientific information on windsurfing, therefore, the effect 
of incorporating continuous pumping on the physiological capacity of the 
windsurfers was still unclear. The aim of this study was therefore to evaluate the 
physiological characteristics of elite windsurfers, and especially to reveal the 
physiological impact of incorporating continuous pumping in the game. Ten 
elite windsurfers who had been competing under the new rules (continuous 
pumping) in the past seven years and had achieved very good results in 
international windsurfing competition, participated in this part of study. Their 
physiological conditions were assessed in the Human Performance Laboratory 
of Hong Kong Sports Institute and their test results were used to build up a 
sport-specific data file or profile that quantitatively document the range of 
physical characteristics and capabilities of elite windsurfers. As profiling is one 
. of the common strategies for identifying contributors to skilled performance 
(10), this physiological profiling of a group of elite windsurfers might have 
considerable application in developing a better understanding of the 
physiological characteristics of elite windsurfers and might provide insights into 
the physiological effect of incorporating continuous pumping. Such knowledge 
is important for coaches in setting the goal of physical training programs and for 
developing specific training programs accordingly. 
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2.2 Literature Review 
2.2.1 Major Components of physical or athletic performance 
Astrand (11) stated that studies of various physiological functions in the person 
exposed to different types of work stress, including athletic events in recent 
years led to the accumulation of considerable data concerning physiological 
characteristics of the individual athlete, as well as physiological requirements of 
the specific athletic event in broad term. He grouped the physiological 
requirement into energy yield and neuromuscular function. 
2.2.1.1 Energy Yield 
Energy yield refers to the systems that provide energy for muscle to work. 
Human muscle can only utilise chemical energy in the form of ATP. 
Regeneration of ATP 
i) Creatine phosphate hydrolysis 
Creatine phosphate (CP) is a high-energy phosphagen that is similar 
to ATP. The regeneration of ATP from CP is especially important 
early in intense exercise. The high-energy phosphate compounds 
ATP and CP have been referred to as alactic anaerobic energy 
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sources. As CP storage in muscles is limited, this source is 
extremely limited in duration to regenerate ATP (12). 
ii) Aerobic Metabolism 
The resynthesis of ATP by aerobic process involves the combustion 
of a fuel in the muscle cell in the presence of oxygen. The fuel 
can come from sources within the muscle (free fatty acids and 
glycogen) and outside the muscle (free fatty acids from adipose 
tissue and glucose from the liver). As oxygen must be available to 
the working muscles from atmosphere, respiratory and 
cardiovascular systems must be capable of taking up and 
delivering large volume of oxygen to the working muscles (12). 
iii) Anaerobic glycolysis (anaerobic lactic) 
The resynthesis of ATP through anaerobic glycolysis involves the 
breakdown of carbohydrate (mainly muscle glycogen) to lactic 
acid. Although large amounts of ATP can be regenerated from 
this energy pathway per unit time, it is not possible for the muscle 
contraction to continue for prolonged periods through glycolytic 
processes as the acidic by-products produced in this process will 
affect the muscles adversely (12). 
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The above three energy systems do not operate independently during exercise 
but instead work together to alter the supply of ATP in an attempt to satisfy the 
energy requirement of the muscle. All three processes occur concurrently; 
however, the proportion of ATP supplied from each process varies according to 
the intensity and duration of the exercise (13). 
2.2.1.2 Neuromuscular Function 
Behm (14) noted that one of the vital aspects of racquet sports is the 
ability to exert muscular force at high speed. He commented that the 
racquet sports athletes' training must also emphasis muscular strength, 
power and endurance. Hageman (15) commented on stretching, 
strengthening and conditioning programs for the competitive tennis 
players. He concluded that elite tennis athletes must possess an optimal 
level of flexibility, strength, and cardiovascular conditioning. They also 
must be at a maximal level in areas including upper and lower extremity 
endurance and isolated muscular strength in repetitive activities and 
agility. 
Measurement of Neuromuscular Function 
Sapega et al. (10) tested 24 male members of the 1975 U.S. Pan 
American and 1976 Olympic fencing squads by means of a 
Cybex II isokinetic dynamometer system. The muscular strength, 
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weight and height for the boardsailors (windsurfers) in the Canadian team 
were 65.7 kg and 172.3 cm respectively. He also commented that 
dynamic force is less important to the sailor than a sustained isometric 
effort, and therefore their isokinetic forces were not remarkable. 
Moreover, a sailor should possess good muscle endurance, flexibility and 
balance. For the energy system, sailors must have good anaerobic 
tolerance because of the prolonged isometric work. On the other hand, 
aerobic power is unlikely to be of great importance to the sailor. 
In 1992, Allen and Locke (1) presented a paper specifically to address the 
physiological profiles of elite boardsailors. As the resistance for the 
forward movement of the board depends on the mass of the sailing board 
plus the crew, the crew cannot be too heavy. On the other hand, under 
intense wind conditions, a larger body mass should be advantageous in 
counteracting the force of the wind. They noted that the ideal body mass 
for the light wind conditions at the Seoul Olympics was estimated to 
approximate 67 kg, whereas for the 1992 Olympics in Barcelona, 71-72 
kg was considered optimum due to higher prevailing wind conditions 
than in Seoul. For the height measurement, their subjects (176.5 土 1.72 
cm) were shorter than elite and Olympic class sailors. Given the use of 
the hands and arms in controlling the sail for long periods, grip strength 
and endurance capability of the upper arm would appear to be of 
importance to boardsailors. Their subject group had mean aerobic power 
(MVO2) of 4.40 Lmin] (65.98 ml.kg-i.mirfi) which exceeded those of 
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untrained counterparts, approximated those of elite athletes in several 
team sports, and was lower than that found in elite endurance athletes and 
elite oarsmen. Their subjects also demonstrated low anaerobic power 
values of the legs and a reversal of the usual dominance of leg power over 
arm power. The elevated anaerobic power of the arms of these athletes 
may reflect a specific adaptation given that significant loading on the 
muscles of the upper body and upper extremities characterizes 
boardsailing. 
In the past, boardsailing (windsurfing) was characterized by a great static 
effort that was particularly great when the wind exceeded force 5-6 knots. 
The parts of the body loaded the most were muscles of the upper 
extremities, especially the flexor muscles of fingers which permanently 
hold the boom. In order to maintain the "hiking" position in windsurfing, 
the windsurfer has to grip the boom tightly and maintain the sail upright 
against the wind. In a study of the aerobic capacity of 11 amateur and 2 
internationally ranked windsurfers (23), the athletes performed isometric 
exercise by hanging on a windsurfing simulator to the point of 
exhaustion. The 2 professional windsurfers maintained their position 
during exercise two times longer than the amateurs. The authors 
concluded that there was neither a significant correlation between the 
time of exercise and the handgrip force nor the calculated force of the 
forearm. Motivation was interpreted as the exercise prolonging factor. 
Medved and Oreb (8) recorded that the values of lactic acid after a 
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windsurfing regatta ranged from 2.06 to 4.98 mM, averaging 3.14 mM 
and they concluded that metabolic processes during windsurfing races 
developed under mixed aerobic-anaerobic conditions. Although it was not 
statistically significant, those who finished earlier in the regatta had a 
higher blood lactic acid result. Therefore, the capability in tolerating high 
blood lactic acid may be important for the successful windsurfers. 
2.2.2.2 Injury profile 
The incidence of muscle and bone acute and overuse injuries in 
windsurfing per year was 0.21, and that per athlete per year was 0.003 
(24). The most common acute injuries were knee and ankle sprains while 
the most common overuse injury was low back pain in flexion. Allen and 
Locke (25) also noted the high incidence of low back pain in windsurfing. 
But Habal M. (26) found that knee injuries were the most common 
problem especially in beginners and intermediate windsurfers. All the 
above authors suggested that participation of muscle conditioning 
program and proper warm up procedure will reduce the injury incidence. 
2.2.2.3 Muscle activity 
Recently, two studies had been published to document the muscle activity 
in windsurfing under dynamic condition, and continuous pumping was 
allowed. Buchanan et al. (2) examined the response of six competitive 
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boardsailors during laboratory-based pumping simulation tasks while the 
electromyographic activity of up to 13 muscles was recorded. After 
analysis of individual pumping movements in "beating" and "reaching", 
they found that muscular activity in the arm (flexor carpi ulnaris, extensor 
carpi radialis and biceps brachii) was the greatest (66-94% of MEVC: 
maximal enveloped voluntary contraction), with considerable activity 
(58-75% MEVC) in the deltoid and trapezius shoulder muscles, but less 
activity in the leg muscles (16-40% MEVC). They also commented that 
electromyographic activity was higher than reported previously during 
simulation under isometric condition. Dyson et al. (27) performed a 
similar study but the electromyogram were recorded during windsurfing 
on open water in six subjects. During "beating" and "reaching", the 
trapezius, flexor carpi ulnaris, extensor carpi radialis, biceps brachii and 
tibialis anterior were very active, with the gluteus maximus being 
particularly important in beating. Differences in technique were identified 
among the subjects, notably in the order of muscle recruitment to 
participate in the activities. 
2.2.3 Summary 
The physiological functions that may be affected or altered by athletic event 
were described. They are energy yielding, neuromuscular function and body 
physique. The physical conditions (physiological aspect, injury profile and 
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muscle activity) of windsurfers, which were published previously were listed 
for reference. 
2.3 Method 
2.3.1 Subject group 
Ten windsurfers who were representing Hong Kong and other countries (New 
Zealand, United Kingdom and The People's Republic of China) in major games 
and international level competition during the testing time, and with at least 
seven years of professional training, volunteered to participate in the study. All 
of them achieved world level results after the implementation of unlimited 
pumping. Among the subjects, five of them had got the title of World 
Championship in the last seven years and three of them hold the title of Olympic 
Gold medalist in the past two Olympic Games. Informed consent was obtained 
from all subjects before testing. All tests were conducted at the Human 
Performance Laboratory of the Hong Kong Sports Institute (HKSI). 
2.3.2 Procedure 
Height and weight were measured by a stadiometer (Holtain Ltd., Britain) and a 
weighing machine (Detetco, U.S.A.) respectively. A Harpenden skinfold caliber 
(Quinton Instrument, U.S.A.) was used to take the skinfold measures at triceps, 
thigh, suprailium, abdominal and chest (male only). Percentage body fat was 
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estimated based on these skinfold measurements (28). Force vital capacity 
(FVC) and forced expired volume in one second (FEV!) of the subjects were 
assessed by a Vitalograph-Compact spirometer (Vitalograph, Buckingham, UK). 
The sit and reach test was used to assess low back and hamstring flexibility. The 
static hand grip strength of both hands were measured by Grip Dynamometer 
(Takei & Co. Ltd., Japan) with elbow straight and the dynamometer pointing 
downwards. 
Maximal oxygen uptake was measured using a continuous running test 
performed on a Quinton 65 treadmill (Quinton Instrument, U.S.A.). All subjects 
were familiarized with the testing procedures before data collection. After a 10 
minutes warm up at 5 mile per hour (0% gradient), the subjects began running at 
a velocity of 8 mile per hour (0% grade) for male and 7.5 mile per hour (0% 
gradient) for female. Every 2 minutes thereafter, the gradient was increased by 
2.5% until volitional exhaustion. Metabolic and respiratory measurements were 
obtained using a Gould 2900 Energy Expenditure Unit (Sensormedics, U.S.A.) 
and included ventilation (VE), oxygen uptake (VO2) and carbon dioxide 
production (VCO2) which were computed every 20 seconds. 
Front access cycle ergometer together with Super-Monitor (Repco Cycle, 
Australia) was used to measure subjects' lower body anaerobic work capacity. 
The detail procedure had been described by Telford et al. (29) elsewhere. 
Briefly, the subjects were required to perform maximal effort standing cycle test 
for 10 seconds to assess work capacity from alactic system. After rest for 2 
Page : 21 
minutes, the same subject was required to do the same activity for 30 seconds in 
order to assess his/her work capacity from lactic system. 
A Cybex 6000 (Lumex, U.S.A.) was used to measure maximal muscle capacity 
of extension and flexion muscles of knee joints under isokinetic condition. For 
the trunk extension and flexion test, a Cybex TEF Back System (Lumex, U.S.A.) 
was used. For each movement test, the subject firstly had 10 minutes of warm 
up on a stationery bike (Monark, Sweden) at a work load (watts) equal to the 
subject's body weight (kg). After setting the apparatus for the appropriate joint 
movement, the subject was stabilized with straps to the testing apparatus. All 
settings were adjusted according to User's Guide, Cybex 6000 Testing & 
Rehabilitation System (30) and Handbook of Cybex TEF Back System (31). For 
each joint movement test, the joint's axis of rotation was aligned with the input 
shaft of the dynamometer. The subject then underwent a warm up session at 60 
deg.sec'i. Warm up consisted of three to five submaximal, and two maximal 
contractions and followed by a 30 seconds rest period. The test included five 
maximal repetitions. A 15 minutes rest period was allowed between different 
joint movement. 
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2.4 Result 
Table 1 describes the physical characteristics of the subjects. The mean age of 
the male (n=5) and female subjects (n=5) was 26.0 years and 25.2 years 
respectively. The male windsurfers were heavier, taller and thinner than the 
female subjects. 
Table 1. The average (s.d.) physical characteristics of the subjects.. 
Sex Age Height Weight Body fat 
(years) (kg) (%) 
M 26.0 175.1 67.3 6.8 
(n 二 5) ( 1 ^ (2.2) 
F ^ ^ m 
(n=5) (2.7) (4.5) (3.6) (5.4) 
、 
Table 2 lists the pulmonary function condition of the subjects. The male and 
female subjects had similar FVC and FEVi results, which were 5.34 1 for male 
and 5.31 1 for female in FVC measurement, while in FEVi measurement, the 
male subjects scored 4.40 1 and the female subjects scored 4.30 1. 
Table 2. Mean (s.d.) pulmonary function measurement of the elite windsurfers. 
Variables Male Female 
FVC (1) 5.34 (0.29) T s i (1.76) 
FEVI (1) I 4.4(K0.48) | 4.30 ⑴.94) 
Table 3 depicts the performance of these athletes in sit and reach test, as well as 
isometric hand grip strength test. The mean scores obtained were 37.8 cm for 
the male subjects and 39.1 cm for the female subjects in the sit and reach test. 
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Their right and left hand grip mean test results were 56.7 kg and 55.3 kg 
respectively for the male subjects, and 39.4 kg and 35.5 kg respectively for the 
female subjects. For both male and female subjects, there were no significant 
bilateral differences in their right and left hand grip strength (p>0.05). 
Table 3. Mean (s.d.) sit and reach, and static hand grip strength scores of the subjects. 
Variables Male Female 
" ^ a n d reach (cm) "^7.8 (5.3) 39.1 (4.2) 
Grip strength - Right (kg) "56.7 (6.2) l 9 . 4 (6.5) 
Grip strength - Left (kg) 55.3 (6.1) 35.5 (9.9) 
Table 4 depicts the mean values for their maximal oxygen uptake (V02max) and 
anaerobic power tests results. The mean absolute V02max result was 4.02 l.min"' 
for the male subjects and 2.80 Lmin'^  for the female subjects. The mean 
maximal heart rate (HRmax) achieved in the test of V02max was 191 bpm (male) 
and 194 bpm (female). The results of anaerobic capacity assessment (alactic and 
lactic) from leg exercise indicated that the present subjects generated 115 
joules.kg-i and 105 joules.kg"^ for the male and female subjects respectively in 
the alactic work capacity test; for the lactic work capacity test, they generated 
289 joules.kg"^ in male and 261 joules.kg'' in female subjects. 
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Table 4. Mean (s.d.) maximal oxygen uptake results and anaerobic work capacity of the 
subjects. 
Variables Male Female 
V02max (l.min-1) TQ2 (0.55) 2 . 8 0 ( 0 . 1 8 ) 
V02max (ml.kg-i.min-1) 59.8 (7.9) 一 48.4 (2.5) 
HRmax ( b p m ) 1 9 1 ( 6 ) 194 (2) 
VE (l.min-i) 128 (23) 102 (5) 
"Alactic work index (joules.kg-i) 115 (0.5) (9.4) — 
T ^ t i c work index (joules.kg^) 289 (22.1) 261 (18.0) 
Table 5 lists the peak torque output relative to body weight in the joints action 
of the knee and trunk. The mean left knee extension peak torque was 3.02 
Nm.kg-i for the male subjects and 2.64 Nm.kg'^ for the female subjects, that of 
the right knee extension was 3.12 Nm.kg“ for the male and 2.68 Nm.kg"^ for the 
female. As with the hand grip test, the results of both sides knee test for both 
sexes had no significant bilateral differences. In the test of trunk, the mean score 
for the trunk extension was 5.52 Nm.kg"^ for the male and 5.12 Nm.kg'^ for the 
female; for the trunk flexion, the male subjects scored 4.11 Nm.kg'^ and the 
female subjects scored 3.21 Nm.kg"^ 
Table 5. Mean (s.d.) peak torque outputs (Nm.kg"^) of the knee and trunk from the elite 
windsurfers. 
Joint movement Male Female 
Right knee extension 3.12 (0.39) 2.68 (0.40) 
Right knee flexion 1.70 (0.11) — 1.55 (0.23) 
Left knee extension 3.02 (0.47) 一 2.64(0.41) 
Left knee flexion 1.80 (0.18) 1.58 (0.33) 
Trunk extension — 5.52 (0.53) 5.12(0.74) 
" T I ^ flexion 4.11 (0.58) | 3.21 (0.22) 
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2.5 Discussion 
2.5.1 Anthropometry 
Although the subject group was comprised of windsurfers with mixed ethnicity, 
Chinese and Caucasian, the coefficient variation (32) of the height measurement 
was 0.02% for the male athletes and 2.7% for the female athletes; for the weight 
measurement, the coefficient of variation was 3.1% for the male and 6.1% for 
the female. Carter and Heath (33) recorded the studies on the effect of ethnicity 
on somatotype in various countries in their book "Somatotyping - Development 
and application". In each of these studies, height and weight parameters were 
measured and recorded only on the subjects with the same ethnic. On average, 
within the same ethnic, the coefficient of variation (CV) of the height 
measurement was 3.4% for male subjects and 3.3% for female subjects; for the 
weight measurement, the average CV was 15.7% for male subjects and 11.0% 
for female subjects. For the present subjects, elite windsurfers, their coefficient 
of variation (CV) of height and weight measurement were much lower than the 
respective CV calculated in other subject groups with the same ethnic. 
Moreover, there were no significant differences (p<0.05) between the two ethnic 
groups among the present subjects, Chinese and Caucasian, in height and weight 
measurement. Therefore, the present subject group was homogenous in these 
two measurements. That was, within each sex, the subjects were similar in 
height and weight. Furthermore, the mean values for the height and body weight 
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measurement of the present male subjects were similar to those reported 
elsewhere. Allen and Locke (1) reported the height and weight for Australian 
elite windsurfers were 176.5 (土 1.72) cm and 67.1 (土 3.36) kg, and Plyley et al. 
(7) also noted that Canadian elite windsurfers were 172.3 cm in height and 65.7 
kg in weight.. It seems that there is a need for the elite windsurfers to have a 
definite range in height and weight. As has been discussed by Allen and Locke 
(1), the windsurfers have to have an optimal weight in order to balance the 
frictional force (between the surfboard and water) and the countering force to 
the wind (to keep the sail in upright position). Both of these two forces increase 
proportionally with the body weight but have the opposite effect to the board 
speed. The increasing of frictional force will slow down the board speed, while 
the increase of countering force to the wind will increase the board speed 
especially under high wind conditions. For the body height, athletes have to 
keep balance and be agile on the board which will be hindered by having a tall 
stature. On the other hand, a tall stature will provide the capacity to 
counterbalance the rig via leaning into the wind to provide control of the sail 
and increase the board speed. Therefore, an optimum body height may be 
important to an elite windsurfer. 
In body fat measurement, the male subjects displayed a relatively low value (6.8 
±2.2 %) in comparison to the Canadian Windsurfing Team (14.3 %) (7). Allen 
and Locke (1) stated that the skinfold sums of their windsurfers exceeded those 
reported for the athletes in cycling, gymnastics, hockey, kayaking, rowing, 
skiing, swimming and track and field. But the male subjects in this study 
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possessed a body fat level which appears to be lower than that of Canadian 
Olympic Soccer players (9.8%) (34) and Australian Soccer players (9.7%) (35). 
Moreover, the body fat content of the present subjects fell in the range of 
runners (36) which are 6.3-7.5 % for the male runners and 15.2-19.2 % for the 
female runners. All these showed that the body fat content of the present subject 
group was approaching to the body fat level recorded in the sports with high 
physical stress. Furthermore, the present subjects didn't have obvious change in 
body weight as in comparison with the past studies as indicated above, but with 
the drop in body fat content. The similarity in body weight found in earlier 
studies and this study and the difference in body fat suggests that the present 
windsurfers might have increased their lean body mass at the expense of body 
fat. 
2.5.2 Pulmonary Function 
Large vital capacities have been noted in groups such as rowers (37) and 
swimmers (38). The above authors did not clearly state that such findings reflect 
competitive selection, or a response to prolonged training. Donnelly et al. (39) 
commented that training may produce the required increase in respiratory 
muscle pressure, endurance and an increase in airway caliber, but it is also 
possible that the potential rowers are bom with large caliber airways, enabling 
efficient use of the lungs and respiratory muscles. For the present subject group, 
all the measured pulmonary function variables were above normal value for the 
age group of the Hong Kong Chinese (40). However, in comparison with some 
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other male elite athletes, the present male subjects had lower results than elite 
distance runners (FVC=5.88±0.56 1; FEVi=4.80±0.7 1) (41) and English soccer 
league players (FV05.8±0.2 1; FEVi=4.95土0.2 1) (42). Such comparison 
indicated that the present subject group possessed above normal lung function 
capacity but not up to the extent of the endurance oriented athletes and ball 
game players. As discussed above, the difference of the pulmonary function 
measurement may reflect the specific sport training effect. 
2.5.3 Cardiorespiratory Fitness 
The relative V02max of the present elite windsurfers for both sexes exceeded 
those of untrained Canadian people (43), approximated those of elite athletes in 
> 
basketball, ice-hockey (43), soccer (male subjects) (44), and was lower than that 
of endurance athletes, such as cross-country skiing, orienteering, modem 
pentathlon (45), distance running and rowing (43). It is well accepted that the 
relative importance of the aerobic mechanism for the performance of any 
particular activity would be reflected in the position of elite players on the 
aerobic power (V02max) spectrum. On comparison, modem windsurfing does not 
make demands on the aerobic power system as with the endurance type sports 
but similar to the team game sports with continuous work and interspersed with 
intensive interval sprinting. Allen and Locke (1) made the similar comment 
regarding the aerobic power on their subject group. Therefore，it is reasonable to 
suggest that a reasonably elevated aerobic capacity may be a factor in elite 
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windsurfing performance regardless of the allowance of continuous pumping in 
the game. 
2.5.4 Flexibility and static hand grip strength 
Flexibility of the low back and hamstring was revealed by the sit-and-reach test 
(46). The result of this test as in comparison with other elite athletes in Hong 
Kong Sports Institute (47) (male: 30.4 (15.0-42.0) cm; female: 33.5 (18.0-43.6) 
cm) showed that the present subjects of both sexes had out standing sit and 
reach flexibility. It had been found that high levels of flexibility will increase the 
range of motion of the hip joints and prevent hamstring strain (48). This may be 
important for the modem windsurfing as pumping involve repetitive hip 
I \ 
extension and flexion. 
For hand grip strength test, both the male and female subjects did not have 
statistically significant bilateral differences on this parameter. As the 
windsurfers showed no hand dominance with respect to grip strength, which 
may reflect the bilateral nature of the sport. The windsurfers have higher grip 
strength values than those found in Hong Kong elite athletes (47) (male right 
hand: 45.1 (31.2-49.0) kg; male left hand: 43.5 (27.0-51.5) kg; female right 
hand: 33.1 (26.4-36.0) kg; female left hand: 30.9 (26.6-34.3) kg). This may 
reflect the requirements of the sport and specific functional adaptation to the 
training at this level. Allen and Locke (1) noted that the windsurfers had to use 
the hands and arms in controlling the sail which make their grip strength higher 
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than the sailors in other categories. But the handgrip strength of the present male 
subjects were lower than the hand grip strength of the elite Australian 
pre-Olympic windsurfing squad (Right: 57.4+2.1 kg; Left: 61.9±1.2 kg) but 
higher than a group of recreation and regatta windsurfers (23). The difference 
between the elite Australian pre-Olympic windsurfing squad and the present 
subjects may be due to the difference in the technical requirement of the game. 
The Australian squad had to sustain griping the boom isometrically nearly for 
the whole course of racing but the present group had to work with the grip and 
wrist dynamically as pumping is employed unlimitedly during the race 
nowadays. These two modes of action may impose different stress on the grip 
strength capability of the subjects. 
2.5.5 Anaerobic power 
The anaerobic power data of the present windsurfers and a comparison with 
other Hong Kong and Australian elite athletes are presented in Table 6. 
Table 6. Anaerobic power tests-comparative figures from Hong Kong and Australian 
team athletes 
Sport Sex N Alactic work index Lactic work 
(joules.kg"^) index 
(joules.kg-i) 
Windsurfing (present study) M 5 115 ± 5 289 ±22 
Soccer (HK Team) (49) M 103 土 20 — 298 ±27 
Squash (HK Team) (50) M "TQ~~ 127 ± 17 324 ±29 
Squash (Australian State M 7 118土 15 318± 19 
Team) (29) 
Road cycling (Australian M 17 151 土 13 N.A. 
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national team) (51) 
Swimming (Australian M ^ 118± 13 299±26 
national team) (29) 
Windsurfing (Present study) F 5 105 ± 9 261 ± 18 
Swimming (Australian F ~ 5 9 90± 11 243 ± 23 
national team) (29) ^ 
Squash (Australian State F 7 86 ± 6 241 ± 13 
Team) (29) 
Road cycling (47) | F | 5 | 115 ± 3 298 ±11 
The alactic work index demonstrates an athlete's alactic work capacity, a 
requirement for sports involving short maximum efforts such as squash and 
badminton. The mean alactic work index of the male windsurfers was about the 
same as the squash players and swimmers, lower than cyclists, but appeared 
higher than soccer players. For the female windsurfers, their results were higher 
than swimmers and squash players but lower than road cyclists. 
The lactic work index reveals how well the athlete can sustain a maximum 
power output over 30 seconds (lactic work capacity). The male windsurfers' 
results tended to be lower than the scores from all the reference sports, 
especially squash. For the female windsurfers, their results were lower than 
cyclists but higher than swimmers and squash players. 
From the above, this may suggest that the present subject group possess a 
similar alactic work capacity in their lower body muscles as with other sports, 
except those sport which rely heavily on lower body muscles, i.e., cycling (51). 
This finding is in conflict with that of an earlier study of windsurfers (1) which 
indicated that the alactic anaerobic power of the Australian windsurfers may not 
Page : 32 
be well developed. Such difference may due to the introduction of pumping. 
When the windsurfers pump the sail, the instant force generated by the 
movement of the sail will be transferred to the sail board through the lower body 
muscle group and therefore the lower body muscle should be powerful enough 
to ensure that all the force can be transferred to the sail board. As pumping 
action is continuous and at a rate of approximately one pump per second, the 
stress on the muscle endurance system and the lactic system is high. The 
anaerobic test results may reveal this requirement in windsurfing. Therefore, the 
anaerobic capacity, especially the alactic work capacity of the lower body 
muscles seems to be important for modem windsurfing. 
2.5.6 Isokinetic strength 
1 
,I 
In order to reveal the importance of knee and trunk muscles in windsurfing, the 
peak torque output of the knee and trunk were assessed. As with other elite 
athletes in other sports (52), the mean peak torque output of the subjects' left 
and right knees did not have significant bilateral differences for both male and 
female windsurfers (p>0.05). 
The knee and trunk extension and flexion peak torque data of the present 
windsurfers and the comparison with other elite athletes are presented in Table 7 
and 8 respectively. 
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Table 7. Knee extension and flexion peak torque- comparative figures from other 
studies. 
Sport Sex N Knee Knee flexion 
extension (Nm.kg" )^ 
(Nm.kg-1) 
Windsurfing (present study-right knee) M 5 3.12 土 0.39 1.70 土 0.11 
Cycling (Chinese National Team) (53) ~1a 10 3.12 ±0 .33 "T .74±0 .17 
Soccer (Chinese National Team) (53) “ M 14 _ 3.10 ± 0.33— 1.60 ±0 .19 
Cycling - Track (Australian National M 1 4 2 . 9 8 ± 0.42 Ka. 
Squad) (51) 
Cycling - Road (Australian National M 1 7 2 . 5 6 ± 0.23 n X 
Squad) (51) 
Squash (HK Team) (50) M " T o 3 . 1 1 ± 0.38 _ 1.87± 0.18 
Windsurfing (present study-right knee) F 5 2.68 土 0.40 1.55 土 0.23 
Badminton (47) F ~ 8 2 . 7 7 土 0.44— 1.52 ±0 .19 
Basketball (47) W 2.58 土 0.26 ~1".34± 0.14 
Squash (47) | F | 6 | 2.80± 0.11 1.41 ± 0.20 
From the comparison of the male subjects, the windsurfers' peak torque 
:� generation capability of their knee extensors and knee flexors are similar to 
other reference sports which demand heavily on their knee muscles (49, 51, 
53-57). Such phenomenon was found in the comparison of the female subjects 
also. Habal (26) stated that knee injuries are usual in beginners and intermediate 
windsurfers, because they do not recognize the importance of appropriate 
strengthening of the muscles supporting the knee. Therefore, it seems that it is 
important for the windsurfers to have strong knee muscles for knee protection 
and force transference as has been discussed above. 
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Table 8. Trunk extension and flexion peak torque- comparative figures from Hong 
Kong team athletes. 
Sport Sex N Trunk extension Trunk 
(Nm.kg-^) flexion 
_ . k g - i ) 
Windsurfing (present study) M 5 5.52 ± 0.53 4.11 土 
0.58 
Cycling (HK Team)(58) M 7 5.22 土 0.77 3.41 土 ~ 
0.38 
Badminton (HK Team)(58) M 5 5.95 土 0.61 4.00 土 
0.29 
Rowing (HKTeam)(58) M 7 5.43 ±,0.11 4.00 ± 
0.61 
Squash (HK Team)(58) M 7 5.00 ± 1.36 3.80 土 
0.55 
Windsurfing (present study) F 5 5.12± 0.58 3.21 ± 
0.22 
Badminton (47) F 1 0 4.66 土 0.49 3.24 ± ^ 
0.31 
Rowing (47) F ^ 5.60 ±0 .88 3.33 土 
[ _ _ _ [ _ _ ] 0.58 
In comparing the male windsurfers with other Hong Kong elite athletes, the 
windsurfers' trunk extension peak torque is just lower than that of badminton players 
and close to the scores of rowers. Badminton and rowing are the sports demand heavily 
on back muscles (59-61). For the female subjects, the windsurfers' results were lower 
than the rowers' results but much higher than badminton players' results. Therefore, 
windsurfing may also put high stress on the back muscles as rowing and badminton do. 
On comparison, windsurfing may demand more on trunk flexors than on trunk 
extensors. The male windsurfers' trunk flexors are stronger than that of the male 
subjects in all the reference sports for comparison. The demand of windsurfing on 
trunk muscles may be due to the fact that windsurfers have to maintain the lordosis 
position when they are hiking, and to assist in force generation when they are pumping. 
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2.6 Conclusion 
This study examined the physiological response of male and female elite 
windsurfers. The small number involved precludes any detailed statistical 
analysis but the individuals concerned tended to be homogenous in body height 
and weight. In comparison with the athletes in other sports, the present subjects 
scored out standing results in sit and reach (hamstring) flexibility test, high 
VOimax test score, relative low level in body fat content, relative high results in 
the lower body anaerobic test and in both knee and trunk Cybex muscle tests. 
The data collected in this study may reflect the physiological demand of the 
game. 
Since this was a descriptive study, no direct effect of the measured variables on 
sport performance is known. Lastly, additional development of event-specific 
training protocols derived from the quantitative data presented in this study may 
ultimately enhance athletic potential and minimize opportunity for injury. 
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CHAPTER 3. 
An evaluation of a windsurfing pumping simulator for objective 
assessment of windsurfing pumping performance 
''； Page : 37 
Abstract 
The aim of this study was to evaluate two aspects of the windsurfing simulator which was 
developed in Hong Kong Sports Institute: first, its ability to assimilate the actual pumping 
action on open water by comparing the physiological response measured from the elite 
windsurfers who performed pumping action on the pumping simulator and on open water; 
and, second, to establish the test-retest reliability of the pumping simulator. Seven elite 
windsurfers performed three times three minutes continuous maximum pumping, with three 
minutes rest between workout, on the windsurfing pumping simulator twice on two separate 
days, and on Mistral One design sailboard on open water once. During each pumping 
workout, average heart rate (bpm) was calculated. Blood lactate (mM) level right after each 
workout was determined. Total work output (Joules) was recorded after each of the three 
minutes pumping on the simulator. Data were analyzed using intraclass correlation. Results 
indicated that all the intraclass correlation coefficients were above 0.9 and there were no 
significant differences (p>0.05) between the same variable measured on the simulator and 
on the open water; and between the test-retest on the simulator on separate days. In 
conclusion, the elite windsurfers' physiological responses were repeatable and consistent as 
they pumped on the pumping simulator and on open water. The test-retest reliability 
assessment of the pumping simulator also indicated that the simulator could induce similar 
physiological response as well as registered similar total work done during pumping on the 
simulator. 
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3.1 Introduction 
On open water, due to the varying wind and water conditions, it is impossible to 
keep the experimental variables for the pumping movement and subjects under 
control. In order to access the muscle performance and muscle activation pattern in 
windsurfing pumping, an ergometer was built to mimic the pumping action. Hong 
Kong Head Windsurfing Coach and two top Hong Kong Windsurfers, one of them 
was Olympic windsurfing Gold medallist, were involved in the design of the 
windsurfing pumping simulator. To the best of the author's knowledge, there was 
only one windsurfing pumping simulator described in the past studies. This 
simulator was designed by Buchanan, M.; Cunningham, P.; Dyson, RJ. and 
Hurrion, P.D. and is described as follows: 
"This said board simulator uses weights to simulate wind force, but 
with the boom release phase partially passive, due to hydraulic 
buffer. The sailboard was mounted in a steel frame on a bed of 
water so that combined lateral and longitudinal tilt was 
possible. ...The simulation test was controlled by an edited video of 
each subject during boardsailing on the water，which included 
pumping during beating and reaching." (2) 
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The author perceives the limitation of this system as follow: 1. The wind resistance 
was created by free weight, which is different from the force generated by wind. 
Resistance created by the sail in action to the wind varies with the speed of the sail 
movement. Therefore, if the windsurfer wants to pull the sail at a fast speed, the 
resistance that the windsurfer has to encounter can be too high for the athlete to 
handle. In general practice, a windsurfer will start the pulling at a slow pace, with a 
less resistance, in order to build up the momentum of the sail to move towards 
himself/herself. Then, it will be easier for the windsurfer to pull the sail at a high 
speed for the rest of the pulling cycle. In approaching the end of the pulling phase, 
the sail will be slowed down and the resistance will be decreased accordingly. For 
the simulator described by Buchanan et al. (2), the resistance will not decrease, as 
the pulling speed decrease and therefore, the actual motion as described above 
couldn't be reproduced on the simulator. 2. The use of this system for testing and 
training purpose is also limited as no comparison can be made in different workout 
as the simulator do not register any work or power output during the pumping 
workout. 3. Buchanan et al. (2) put the surfboard on a bed of water trying to 
assimilate the real situation, although it was mounted in a steel frame, the stability 
of the surfboard during pumping was sacrificed. When the surfboard is sailing on 
open water, a dagger board and a fin will be put underneath the surfboard. The 
dagger board and the fm will provide a reaction force to oppose the force generated 
from the pumping, which is transmitted through the windsurfer's body to the 
surfboard. This action and reaction force will stabilize the surfboard on water with 
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a constant lateral tilting angle. Therefore, the platform of a windsurfing simulator 
should be stable. 
In view of the above limitations, together with the Hong Kong Windsurfing team, a 
new simulator was developed at the Hong Kong Sports Institute. 
3.1.1 Description: 
The windsurfing pumping simulator (Figure 1) includes a power head of Club Gy-
Ro rowing ergometer (Gy-Ro Sport Limited, Brentford Middlesex, UK) which is 
used to mimic wind resistance force acting on the boom. The power head of the 
Club Gy-Ro is raised by a wooden block, which measures 100 cm in height. The 
cable outlet of the power head is 165 cm above the ground. A wedge shaped block 
with the shorter side close to the power head (width: 71 cm, length: 40 cm, height: 
10 cm and 2 cm) is put in front of the power head with 110 cm apart. A mast foot is 
secured on the left comer of the short side of the wedge block. The rig consists of 
the bottom section of a two-piece mast and boom, which is secured to the wedge via 
the mast foot. The cable from the power head is tightened on one side of the boom 
and the subject grips the other side. The attachment point of the cable on the boom 
is adjusted to allow the resistance to be directly in front of the subject. The 
resistance load of the power head of the Gy-Ro rowing machine was set at Level 7 
and the total work output can be displayed on the monitor panel. The current setting 



















1. The resistance generated by the power head of the Gy-Ro rowing machine 
varies according to the speed of pulling movement. This will mimic the 
resistance generated by the sail under the action of the wind. 
2. The Gy-Ro rowing head can register total work and power output at any 
given moment during pumping on the simulator. Such data are important as 
records of power output and total work during pumping. 
3. The wedge shape block provides a stable platform for the windsurfer to 
perform pumping in "up-wind" style. 
4. The Hong Kong Windsurfing Team and their Hdad Coach commented that 
this pumping simulator reflects about 70 - 80% of the actual "up-wind" 
pumping action. 
This simulator may provide a reasonable and objective evaluation of individual 
performance incorporating objective measures for skill as well as power in 
windsurfing pumping. When performing a scientific investigation, validity and 
intramachine reliability of an instrument is important to ensure accuracy and 
consistent data collection (62). The aim of this study, therefore, was 1) to evaluate 
the windsurfing pumping simulator for its ability to simulate the actual pumping 
action on open water by comparing the physiological response measured from the 
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elite windsurfers who performed pumping action on the pumping simulator and on 
open water, and 2) to establish the test-retest reliability of the pumping simulator. 
3.2 Method 
3.2.1 Subject group 
Seven elite windsurfers (male: N二4 and female: N=3) of Hong Kong Windsurfing 
Team (mean age: 22.5 土 5.1 (male) and 21.3 土 4.0 years (female)) volunteered to 
participate in this study. Their average height and body mass were 174.8 ± 4.5 cm 
for male and 164.3 ±5.1 cm for female, 69.5 土 7.97 kg for male and 54.1 ±3.9 for 
female, respectively. Each subject had a minimum of five years of national level 
windsurfing training. Before participation, they were cleared to participate after a 
physical screening by an orthopaedic surgeon and signed an informed consent. 
3.2.2 Procedure 
The tests were conducted within a 14-day period, each encompassing similar 
preparation and protocol. Prior to testing, the subjects were given approximately 30 
min for individual stretching. The subjects performed warm up on a rowing 
ergometer during laboratory tests and leisure pumping during open water test. 
During laboratory tests, the final warm up was performed on the simulator for 30 
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seconds. Fine adjustment in subject's positioning and instrumentation zeroing were 
made on the pumping simulator after the warm up session.. 
3.2.2.1 Pumping simulator test 
The pumping simulator at the Hong Kong Sports Institute was stationed in 
an air-conditioned fitness training room. Every subject was told to only 
perform pumping in “up wind" style. Then, they performed three minutes 
maximal pumping continuously for three times and three minutes rest was 
allowed between workouts. Encouragement and feedback were given to the 
subject for maintaining correct technique and full effort. Right after 
termination of each of the pumping bout, blood sample (25 ul) was collected 
from the subject's ear lobe for lactate analysis (1500 Sport, YSI, Yellow 
Springs Instrument Co., Inc. Ohio, U.S.A.) and the total work output 
registered in the Gy-Ro power head was recorded. Heart rate was recorded 
through out the whole period of test by Polar PE 4000 (Polar, Finland) and 
Polar HR Analysis Software (Polar, Finland) was used to calculate the 
average heart rate of each of the three minutes pumping workout. After 3 
days, all the subjects performed this test on the simulator again, under the 
same condition for establishing the test-retest reliability of the pumping 
simulator. The averages of all the variables measured in the three bouts of 
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pumping action in each of the experiment treatment were calculated for 
further analysis. 
3.2.2.2 Open water pumping 
During open water windsurfing pumping, all subjects used the same Mistral 
One design sailboard. They performed three minutes maximal pumping in 
up-wind style continuously for three times and three minutes rest was 
allowed between workouts. Right after termination of each of the pumping 
bout, blood sample (25 ul) was collected from the subject's ear lobe for 
lactate analysis. Heart rate was recorded through out the whole period of test 
by Polar PE 4000 for calculating the average heart rate in each pumping 
workout session. On the testing date, the weather was sunny with the 
temperature around 31-33 °C. The sea was flat with 4-6 knots wind. The 
averages of all the variables measured in the three bouts of pumping action 
in this experiment treatment were calculated for further analysis. 
3.2.3 Data Analysis 
This was an evaluative study using a repeated measure design. The consistency of 
the physiological measurement done on the pumping simulator and on open water, 
and the test-retest reliability of the pumping simulator were determined by intraclass 
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correlation coefficient (R) (63). The procedures leading to the calculating of R are 
the same as those of the simple ANOVA with repeated measures. F-ratio for trials 
was calculated to determine whether there is any significant difference between the 
two trials. Based on the assumption that the test performance should be consistent 
from one trial to the next and that any trial-to-trial variance should be attributed 
simply measurement error, the formula for R is therefore, 
R=(MSS-MSE)/MSS 
In which MSs = the mean squares for subjects and MSE = the mean squares for 
error, which is computed as follows: 
Sum of squares for trials + Sum of squares for interaction 
df for trials + df for interaction 
The first analysis was designed to test the consistency of the physiological variables 
when measured on the pumping simulator and on open water pumping. The 
hypothesis of no difference and consistence would be accepted if the F-ratio did not 
reach a level of significance of p<0.05 and the R value was > 0.9. The second 
analysis was to investigate the reliability of test performance measured from test to 
test on the simulator on separate days. Here again, the hypothesis of no difference 
and consistence would be accepted if the F-ratio did not reach a level of significance 
of p<0.05 and the R value was > 0.9. 
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3.3 Result 
The mean scores and intraclass correlation analysis results of the physiological 
responses for the subjects who performed windsurfing pumping action on pumping 
simulator and on open water were presented in Table 9. High consistency was 
obtained for the physiological measurement in this part of study, as there were no 
significant differences between the physiological variables measured on the 
pumping simulator and on open water. Moreover, the intraclass correlation 
coefficient (R) were higher than 0.9 in the heart rate and blood lactate measurement. 
Table 9. Mean scores and intraclass correlation analysis results of the physiological 
variables measured on the pumping simulator and on open water windsurfing 
pumping. � 
Variables Trial 1 T r i a l 2 F p R 
HR (bpm) 162.0±12.4 162.8±10.6 0^7 ^ 
Lactate (Mm) 7.09±2.45 7.70±1.72 ^ 
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Table 10. Mean scores and intraclass correlation analysis results of the test-retest 
reliability of the 3 variables measured on the pumping simulator. 
Variables Trial 1 Trial 2 F p R 
Work (Joules)430.4±105.4 429.2±107.3 ^ ^ 
HR (bpm) 162.8±10.6 163.5±9.6 O ^ 
Lactate (Mm) 7.70±1.72 7.89±2.05 ^ ^ 
The mean scores and intraclass correlation analysis results of the test-retest 
reliability of the 3 variables measured on the pumping simulator were presented in 
Table 10. In test-retest experiments performed in this study, the total work done, 
average heart rate and blood lactate measurement can be reliably and repeatedly 
measured as there were no significant differences between the variables measured in 
these two tests and their respective R results were higher than 0.9. 
3.4 Discussion 
Wing and Woodbum (64) stated that it is helpful to be able to monitor rowing 
performance in situ. This statement may also apply to windsurfing. However, there 
are numerous technical and environmental difficulties that may limit the viability of 
obtaining reliable results. Therefore, it is important to develop a windsurfing 
simulator or ergometer to objectively assess windsurfing performance in the 
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laboratory. Clearly, any laboratory-based testing of a windsurfer should attempt to 
simulate the real event as closely as possible, as well as providing a detailed 
objective assessment of windsurfing performance using variables that have been 
shown to be reliable. Base on the intra-class correlation analysis, the simulator 
developed in this study can induce the windsurfers had similar physiological 
response as they pump on open water. The test-retest reliability assessment showed 
that this simulator is a reliable mean to assess windsurfer. 
The pumping simulator was simple and relatively inexpensive and, as such, had 
some inherent limitations. The force from the power head of Club Gy-Ro rowing 
ergometer was acting on one point of the boom through a non-elastic string. This 
will limit the form of windsurfing pumping performed on the simulator. The action 
point of the resultant force acting on the boom generated by the sail during pumping 
will change as the form of pumping change. Adding 2 or 3 more force action points 
on the boom by adding more power heads of Club Gy-Ro rowing ergometer will 
improve this limitation. 
3.5 Conclusion 
This study has demonstrated those physiological responses (average heart rate and 
blood lactate level) of pumping as obtained from the pumping simulator and on 
open water to be almost identical. This suggests that the pumping simulator 
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represent a viable means to evaluate the pumping performance in the sport 
windsurfing. Moreover, there is good consistency of physiological responses and 
pumping performance (registered by total work output), when using the pumping 
simulator developed in Hong Kong Sports Institute on separate days. 
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CHAPTER 4. 
Kinesiological analysis of joints' movement pattern in 
windsurfing pumping and its change with muscle fatigue 
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Abstract 
As pumping is becoming an important part in windsurfing, the objective of this study 
was to provide information concerning the joints' movement pattern of pumping and its 
change as fatigue progress that occurs during continuous pumping on a windsurfing 
pumping simulator. Six windsurfers from the Hong Kong National squad performed 
continuously on the simulator for a 3-minutes period during which time two video 
recorders were used to record all the pumping movement. Kinematic data of six 
pumping cycles, three consecutive pumping cycles were recorded at the start of the 
exercise and the other three consecutive pumping cycles were recorded at the end of the 
exercise, were compared to identify the changes of major joints' kinematics across the 
time. The motion of the wrist, elbow, shoulder (on sagittal and frontal planes), waist, 
\ \ 
hip, knee and ankle joints were assessed. From the kinematic data of the initial three 
pumping cycles, a generalized pattern of joints' movement were described. Regarding 
the fatigue analysis, the results showed that hand movement speed that was reflecting 
the speed of the sail, decreased significantly after about 3-minutes of maximal pumping 
exercise. This suggested that some major active muscles might experience fatigue and 
slow down the pumping action. By evaluating the change of the joints kinematic 
variables, which included range of motion, movement speed, the maximum and 
minimum joint angle attained in the pulling phase, and the tested joints' movement 
pattern, muscle groups included ankle plantar flexor and dorsiflexor, mid-deltoid, waist 
extensor and flexor as well as wrist extensor and flexor, were identified to be affected 
the most after three minutes of maximal pumping action. These muscles might 
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responsible for the slowing down of the pumping movement. This study has indicated 
that the need for specific muscle training for the elite windsurfers to meet the demands 
of competitive windsurfing with continuous pumping as some muscle groups were 
affected more during continuous pumping exercise. 
I 
I 
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1 
4.1 Introduction 
It has been well aware that much greater physical demands have been placed on 
windsurfers due to the relatively recent changes in the rule of Olympic course 
sailing events (9). According to the new rules, athletes are allowed to pump 
continuously to aid progress. However, information about muscular activity or 
body action during windsurfing is scarce and is confined to early analysis under 
static conditions (65). Recently, the muscle activity during continuous pumping 
(in "beating" and "reaching" styles) performed on an on-land simulator was 
published (2). They found that muscular activity in the arm (flexor carpi ulnaris, 
extensor carpi radialis and biceps brachii) was the greatest, with considerable 
activity in the deltoid and trapezius shoulder muscles, but much less activity in 
the leg muscles. However, the sequence of body actions for the pumping cycle 
was not well studied. A detail analysis of the muscle action or body action in 
pumping stroke will assist coaches in designing specific muscle training 
programs for the windsurfers, as Miller W.E. (66) had stated that: 
“In most efforts in achieving peak performance in sports activities, the 
objective is to improve a skill, and this may involve an analysis of 
movements to increase efficiency. In most instances, component part study 
is the technique employed. This can be carried out with the use of 
high-speed cameras, special projection equipment, and computer timing 
mechanisms set up to determine how improvements can be made Over 
the years, there has been considerable stereotyping of the way in which 
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particular sports activities should be done. There may be unique differences 
in each individual, but whenever the individual's alteration of form affects 
achievement there has to be standardized agreement on the acceptability of 
the variation...." 
As kinematic analysis through artificial optical devices had been used to identify 
the sequence of body action of various sports activities (67-69), and this analysis 
method was employed in this study to identify the sequence of body action in 
windsurfing pumping. 
Furthermore, the kinematic adaptation of the pumping action with muscle 
fatigue has remained unexplored. Similar types of studies have been carried out 
in endurance running (70-74). An understanding of changes in the kinematic 
patterns during a continuous pumping drill is important when selecting the 
duration of a pumping exercise and identifying the muscles have to be 
strengthen and improve in endurance in order to resist the effect of muscle 
fatigue during competition. Moreover, a better information concerning the 
effects of fatigue on pumping will further our understanding of how the human 
body adapt to this condition and may provide insights for athletes and coaches. 
Sparto et al. (75) had suggested that fatigue may lead to increase risk of injury to 
joints. Hence, there is a need to determine the effect of fatigue on kinematic and 
coordination responses during maximal repetitive windsurfing pumping action 
in order to prevent injuries. 
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The pumping cycle consists of a cyclic sequence of events that includes the 
pulling phase and pushing phase. By definition, the pulling phase commenced 
when the hand was seen start to move towards the subject and continued until 
the hand started to move away from the subject. The pushing phase was defined 
as the period that commenced as the hand first moved away from the subject 
and ended when the hand began to reverse direction of movement. This study 
deals only with the analysis of the pulling phase, because it is the pulling phase 
generate the power for the board to sail forward. 
There are two important purposes in this paper. The first purpose was to 
determine the on-land kinematics of the pulling phase of the pumping cycle in 
windsurfing. The second purpose of this study was to provide information 
concerning the changes in the pumping kinematics that occur during continuous 
work on a windsurfing pumping simulator and with progressive fatigue. 
4.2 Literature Review 
4.2.1 Kinematics 
According to Adrian and Cooper (76), studying biomechanics includes studying 
the temporal and spatial characteristics of motion, which are referred to as the 
"kinematics" of motion. The spatial characteristics of motion include (i) the 
direction of motion with respect to the three-dimensional world in which all 
things move, and (ii) the path of the motion. Temporal characteristics include 
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the time span needed to execute the motion or selected phase of the motion. 
These characteristics can be described in qualitative and quantitative terms. 
Miller (66) commented that motion analysis (Kinematics analysis) will assist in 
improve skill and increase efficiency in sports activities. Moreover, through the 
kinematics analysis, muscle contribution in sports activities can be identified. 
For example, Nelson and Widule (77) suggested that legs were the primary 
force producing segments of the body in the early stage of the drive phase of 
rowing, in their kinematic study of rowing. 
4.2.2 Artificial optical device for kinematic analysis - video-graphy 
Kinematic assessment of movement has usually involved some means of 
recording the movement for later analysis. High speed film and, more recently, 
video have proven to be appropriate media for data capture (78). Hughes et al. 
(79) noted that these techniques have been used to study skilled action, gait, and 
the forces generated in sports. 
Video-based motion analysis provides several advantages over other types of 
motion analysis systems (e.g., cinematography). For example: 
1. The ability to synchronize two images on one screen, which is 
possible by means of a split-image, special-effects generator; 
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2. The direct and immediate transmission of the image to a computer, 
thus eliminating the human operator required in photographic analysis; 
3. The direct playback capability, to provide immediate feedback to both 
the analyst and the performer (76). 
Several types of video-based kinematic analysis systems are available in the 
market. Some systems such as that manufactured by Peak Performance 
Technologies, Inc. (Englewood, CO, USA) capture the entire image to video first. 
A computer frame-grabber board then is used to digitize a portion of the image, 
based on a user-defined threshold. Because the Peak system uses off-the-shelf 
video equipment, is personal computer based, and does not use an on-line 
. . . . M 
digitizing module, it can be much less costly than systems providing more 
immediate data capture. Scholz and Millford (80) did a study to evaluate the 
accuracy of the Peak Performance Technologies, Inc. motion analysis system for 
three-dimensional angle reconstruction, and they found that accurate and reliable 
angular measurements can be made with this system. 
4.2.3 Three dimensional kinematic analysis 
Three dimensional computation for kinematic analysis has generally involved 
the Direct Linear Transformation (DLT) (81). This approach uses two or more 
cameras to record the motion along with a three-dimensional calibration of the 
field. The picture recorded in each camera will be digitized separately. Peak 3D 
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Motion Measurement System (Peak Performance Technologies, Inc) was used 
in this study to compute the three dimensional co-ordinates (82). 
The results of using video techniques for three dimensional computation 
through a DLT method have proved to be relatively accurate (83). 
4.2.4 Kinematic analysis of sports activities 
Sanderson and Sommer (67) studied three male paraplegics on push their 
wheelchairs on a motor driven treadmill, for a total of 80 min each, at a work 
rate of 60-65% of their V02 maximum. At 20 min intervals, 16 mm high speed 
film of the subjects was taken for three consecutive push cycles. The digitized 
film was used to compute the angular kinematics of the shoulder and elbow 
joints, the variation in the position of the trunk and hand relative to the axle of 
the rear wheel. 
Welch (84) used three-dimensional kinematic and kinetic data to define and 
quantify the mechanics and the demands placed on the body during the baseball 
batting swing. They found that a batter starts the swing, the hip segment is 
accelerated around the axis of the trunk to a maximum velocity. This increase 
the velocity of the entire system moving in the intended direction. The hip 
segment is then decelerated, as the shoulder segment is accelerated. ‘ 
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Coleman et al. (69) utilized two Photosonics Biomechanics 500 cine-cameras to 
film the spiking actions of 10 male senior international volleyball players. Three 
dimensional object space co-ordinates of digitized images were obtained using a 
DLT algorithm and an array of calibration points in the filming volume. The 
results showed that there were no significant correlation between lower limb 
angular kinematics and centre of mass vertical velocity at take-off or jump 
height. The mean post-impact ball speed was 27.0±0.9ms-i, and this was 
significantly correlated to maximum right humerus angular velocity. Trunk 
rotation angular kinematics and right elbow angular velocity did not correlate 
significantly with post-impact ball speed. 
Elliot and Marsh (68) used three-dimensional high-speed cinematographic 
techniques to record topspin and backspin forehand approach shots hit 
down-the-line by high performance players. The direct linear transformation 
(DLT) technique was used in the 3-D space reconstruction from 2-D images 
recorded via laterally placed phase-locked cameras operating at 200 Hz. They 
concluded that angles of incidence and reflection of the impact between the ball 
and the court showed that backspin trials had larger angles of incidence and 
reflection than topspin strokes. 
4.2.5 Effect of fatigue on multiioint kinematics during repetitive muscle work. 
Sparto et al. (75) studied the effect of fatigue on kinematics and coordination 
responses during repetitive lifting of a submaximal load at a self-selected 
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maximal lifting rate. Twelve male subjects were involved in this study and they 
performed a repetitive lifting test in which a submaximal load was lifted at a 
maximal rate. Knee, hip, and trunk motion were measured using videography 
and electrogoniometry, postural stability was measured using a force plate, and 
coordination parameters were determined using phase-plane analysis. 
The results indicated that fatigue affected the kinematic adaptations of the knee, 
hip and lumbar spine. The knee and hip had the significantly less range of 
motion, and the amount of lumbar spine peak flexion was greater at the end of 
the test. In addition to the decrease in the range of motion, velocities of knee and 
hip motion were also reduced at the end of the test. Through the analysis of the 
mean phase angle, they found that the relative amount of extension in knee, hip 
and lumbar spine occurred earlier of the lifting cycle. They suggested that the 
decrease in the range of motion in the knee may signify significant fatigue in the 
knee extensors and the smaller range of motion may have been an adaptation to 
prevent further fatigue in the knee extensors. 
Therefore, kinematic analysis of the repetitive task along with fatigue will 
provide information on muscle and coordination adaptation to fulfill the task 
requirement, and to document the functional capabilities during repetitive tasks� 
4.2.6 Effect of fatigue on sport movement 
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Williams et al. (74) investigated changes in running kinematics with fatigue 
during intercollegiate competition, a noncompetitive track run and a constant 
speed treadmill run. High speed cinematography films were collected under 
three experimental conditions : in collegiate competition, over ground on an 
outdoor track under noncompetitive conditions and on a treadmill. The primary 
analysis compared kinematics in the fatigue state during the last collection 
period with representative values under non-fatigue conditions at the same 
speed of running. The results showed that step length significantly increased in 
both noncompetitive and treadmill runs, while a slight decrease was found for 
the competitive run. Maximal knee flexion during swing increased with fatigue 
in all three conditions. They commented that although the changes in distance 
running kinematics with fatigue are minimal, there was considerable variability 
among individuals in the various kinematic measures obtained. Therefore, it can 
be said that there were individual running technique changes with fatigue. They 
also made the recommendation that investigating how individuals differ in the 
way of running mechanics change with fatigue, and it will be necessary to focus 
the experimental design on the individual rather than a group. Finally, they 
concluded that the overall group data would suggest runners should not 
markedly alter their mechanics with fatigue, and that runners who do show 
marked fatigue effects may be allowing their running form to change for the 
worse. 
Nyland et al. (85) investigated the effect of general lower extremity fatigue on 
lower extremity kinematics and muscle activity during the landing phase of a 
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run and rapid stop on 19 female collegiate basketball and volleyball players. 
Performance of each run and rapid stop maneuver was videotaped with three 
200 Hz cameras. EMG activity of major lower extremity muscles were 
monitored also. This study found that run and rapid stop performance following 
fatigue showed trends towards later onset of muscle activation (rectus femoris, 
vastus lateralis, bicep femoris, and medial hamstrings) and earlier occurrence of 
maximal knee flexion. These changes may enhance damping/shock absorption 
and knee stabilization in the presence of fatigue. 
Viitasalo et al. (86) investigated the fatigue effects of continuous hurdle 
jumping on myoelectrical activity of selected lower extremity muscles, ground 
reaction forces, vertical movements of the body's center of mass and knee joint 
angular kinematics among male volleyball plkyers. Eight volleyball players 
jumped hurdles (height 0.65m) continuously for 45 s with bilateral foot 
contacts. A force plate was used to record the ground reaction force during 
take-off. Knee kinematic data were recorded by an electrical goniometer. The 
jumping was videotaped in the sagittal plane to determine the location and the 
movement amplitude for the center of mass. Moreover, EMG was used to 
monitor the muscle activity of M. rectus femoris, vastus lateralis and vastus 
medialis during eccentric and concentric phases. The kinetic and kinematic 
parameters did not show any statistically significant change during the eccentric 
phase, whereas during the concentric phase the contact time, knee angle at takes 
off, knee angular displacement, time taken to attain the peak knee angular 
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velocity and vertical movement amplitude for the center of mass increased and 
the average resultant ground reaction force decreased. 
4.2.7 Summary 
The definition of kinematic analysis and the background of videography for 
performing 2-dimensional and 3-dimensional kinematic analysis were addressed 
in this section. Several sports (for example, wheelchair, base ball, volley ball, 
tennis, etc.) had been evaluated by 3-dimensional kinematic analysis to define 
and quantify the mechanics and demands placed on the body during different 
sports actions. Moreover, through the kinematic analysis, it had been shown that 
muscle fatigue would affect multijoint kinematics during repetitive work (e.g., 
repetitive lifting) and continuous sport movement (e.g., distance running). 
4.3 Method 
4.3.1 Subject group 
Six members (male : N=3 and female : N=3) of Hong Kong National 
Windsurfing Team were involved in this study. Mean age, height, and weight 
were 22 ± 6 years for male and 21 土 4 years for female; 174.7 土 10.8 cm for 
male and 164.7 土 3.8 cm for female; 69.3 土 5.5 kg for male and 53.9 土 5.0 kg 
for female, respectively. Before participation, they were cleared to participate 
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after a physical screening by an orthopaedic surgeon and signed an informed 
consent. 
4.3.2 Windsurfing pumping simulator 
As described in Chapter 3. 
4.3.3 Kinetic Analysis Instrumentation 
Two time synchronized color video cameras (JVC GY-XITC 3-CCD) with 
S-VHS-C Recorders (Victory Company Ltd., Japan) were used to video taping 
subject's pumping action. The two cameras were positioned approximately at 
right angles to one another and the windsurfing pumping simulator was centered ‘‘ 
at the intersect point of the two cameras with 4 m apart from each of the 
cameras. 
All the analyses were done only on the right side of the subjects. Peak 3D 
Motion Measurement System (Peak Performance Technologies Inc., 
Englewood, U.S.A.) was used to perform 3D motion analysis of the ankle, 
elbow, hip, knee, shoulder, waist (lumbar spine) and wrist joints. Figure 2 
provides the joint angle definitions for clarity. Moreover, analysis of the hand 
and center of mass movement (calculated by the Peak System) of the subjects in 
the horizontal and vertical dimensions were done. The points selected for 
digitization were the approximate joint centers of rotation of the above joints of 









































































the body, which included wrist, elbow, shoulder (acromion process), waist 
(anterior superior iliac spine), hip (greater trochanter), knee and ankle, as well as 
the center of their hand and feet. This 3-D camera system was calibrated with 
the Peak calibration frame. As this is a 3- Dimension motion analysis, all the 
joint angle measurements were referring to the internal angle between two 
segments, except shoulder joint. The shoulder joint movement was described by 
2 projected joint angles analysis which was on sagittal plane (shoulder extension 
and flexion) and frontal plane (shoulder abduction and adduction) as the 
shoulder joint has multiple degrees of movement freedom. The two shoulder 
joins' angles, sagittal and frontal, were measured between the humerus and 
trunk segment in their respective planes of reference. 
4.3.4 Procedure 
Every subject tried the windsurfing pumping simulator one day before the 
testing day for at least 15 minutes. On the testing day, each subject performed 
15 minutes of general stretching and then followed by 10 minutes rowing on a 
Concept II rowing ergometer (Concept II Inc., Morrisville, VT, USA) at their 
own comfort pace for warm up. After that, they performed 5 minutes of 
pumping on the pumping simulator for familiarization. Every subject was told to 
only perform pumping in "up wind" style and then they performed three minutes 
maximal pumping continuously. Encouragement and feedback were given to the 
subject for maintaining correct technique and full effort. Right after termination 
of the pumping movement, a blood sample (25 ul) was collected from the 
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subject's ear lobe for lactate analysis (1500 Sport, YSI, Yellow Springs 
Instrument Co., Inc. Ohio, U.S.A.) and the total work output registered in the 
Gy-Ro power head was recorded 
4.3.5 Data Analysis 
Two sets of three consecutive complete pumping cycles were selected 
approximately at the 5th and 170th second of the 3-minutes pumping for data 
analysis. The first three cycles represented the imfatigued state condition while 
the last three cycles represented the fatigued state condition. The selected cycles 
were digitized and analyzed for each subject. 
Descriptive statistics, including means and standard deviations, were obtained 
for all variables. Repeated, two tailed t tests were performed to evaluate the 
non-fatigued vs. fatigued effects on joint's movement during pumping in up 
wind style. All the subjects (both sexes) were grouped together for the repeated t 
test. 
Joint kinematic data analyses give quantitative descriptions of the change of the 
range of motion and angular speed of movement of a particular joint in the 
selected cycles, but they can not describe the shifting of joint movement pattern 
across the time with fatigue effect, for example, delaying of the start of a joint 
movement. Therefore, a method that accounts the joints' movement pattern was 
used to describe the change of movement pattern of respective joints after a 
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3-minutes continuous pumping. The movement pattern of a joint is expressed by 
the normalized angular position trajectory drawn against the normalized motion 
phase period. Figure 3 briefly demonstrates this method. 
The angular position of a joint was normalized linearly so that for example, the 
peak flexion of elbow was assigned to equal to 100%, and the peak elbow 
extension was assigned to equal to 0%. The normalized position for any angle of 
the elbow joint was determined by a linear interpolation of the raw and 
normalized positions which were between 0% to 100%. Similarly, for 
normalizing linearly the duration of the pulling phase, the moment of the start of 
motion would equal to 0% and the moment of the termination of motion would 
equal to 100%. In order to compare the change of movement pattern of the two 
\ 
I ‘ 
selected cycles，the two normalized angular position trajectories were plotted 
against (superimposed on) the normalized motion phase duration. Twenty one 
points (at 0%, 5%, 10%•.…95% and 100%) along the normalized motion phase 
period were selected and the corresponding normalized angular positions of the 
two trajectories were subtracted and then squared. The sum of the square of the 
differences of the two normalized angular position trajectories from the 21 
points would quantify the change of movement pattern of the joint investigated. 
Figure 4 briefly demonstrates this method. 
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^ ^ ^ The hip joint is flexed maximally 
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Figure 3 An example to demonstrate the movement pattern of hip joint. 
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Figure 4 An example to demonstrate the calculation of the sum of square of the 
differences of two normalized angular pasition trajectories. 
4.4 Result 
The total work output after 3-minutes of pumping at maximum effort and lactate 
response immediately following the cessation of the test were listed in Table 11. 
The mean lactate responses were 7.72 mM and 7.25 mM for male and female 
subjects respectively. Table 12 shows the results of individual variables and 
comparing non-fatigue data from the first collection pumping cycles for each 
subject to the assumed fatigue data from the last collection pumping cycles. 
The results showed a non-significant decrease in the range of hand movement 
and significant (p<0.05) decrease in the average speed in the pulling phase of 
the fatigue cycles. As the hand was holding the boom which was attached to the 
sail, the hand movement can represent the sail movement. In the analysis of the 
movement of the centre of mass, no significant differences were found in both 
horizontal and vertical directions of movement range between the two sets of 
measured cycles. A significant dropped of movement speed was only noted in 
the average speed in the pulling phase measured in the vertical direction. 
Table 13 summarises the joints kinematic variables of the non-fatigue cycle and 
the fatigue cycles, and their repeated t test results. In comparing the kinematic 
data of the non-fatigue and the fatigue cycles, the wrist, ankle, elbow, shoulder 
in frontal plane and knee had reduced in range of motion but none of the 
differences were up to statistically significant level (p>0.05). No significant 
differences were found between the fatigue and non-fatigue cycles in the 
measurement of maximum and minimum joint angles attained in pulling phase. 
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All the tested joints dropped in their speed of movements in the pulling phase, 
except waist joint. However, only wrist joint and shoulder joint in abduction and 
adduction movement had statistically significant dropped (p<0.05) in the speed 
of movement in pulling phase. 
Table 14 lists the average of the sum of the square of the differences of the 
normalised angular position trajectories of the non-fatigue and fatigue pulling 
phases. According to the results, the movement pattern of the ankle was 
changed the most which was followed by wrist, waist, shoulder (abduction and 
adduction), hip, knee, shoulder (extension and flexion) and elbow. The 
normalised angular position trajectories during pulling phase of one of the 
subjects is listed in Appendix III for reference. 
� 
Table 11. Total work output and after exercise lactate response of the subjects. 
一 Subject Sex Lactate (mM) Total Work (Units) 
A M ^ m 
B M 5.25 325 — 
C — M 8.75 — 475 
Mean M 7.72 — 377 
D F 5.51 — 221 
E F 7.11 — 252 
一 F — F 9.14 350 
Mean F 7.25 274 
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Table 12. The change of pumping kinematics across the period for continuous 
all-out pumping. 
Non-fatigue Fatigue P 
X SD X I SD 
Hand 
Range of motion in pulling phase (cm) 64.0 25.7 58.2 21.7 .098(NS) 
Average speed in pulling phase 114.8 60.7 97.5 57.2 .006(Sig) 
(cm/sec) 
Centre of mass of the subject in 
horizontal 
Range of motion in pulling phase (cm) 20.1 7.4 20.1 5.7 .989(NS) 
Average speed in pulling phase 56.7 27.0 48.4 16.4 .132(NS) 
(cm/sec) 
Centre of mass of the subject in 
vertical direction 
Range of motion in pulling phase (cm) 15.8 4.6 13.5 2.1 .129(NS) 
Average speed in pulling phase 35.1 12.7 26.4 6.2 .041(Sig) 
(cm/sec) 
Duration 
Pulling phase (second) 0.63 0.14 0.69 0.16 .117(NS) 
Whole cycle (second) 1.13 0.18 1.16 0.21 .448(NS)~ 
Sig : statistically significant (p<0.05) 
NS : statistically non-significant (p>0.05) 
Page : 74 
Table 13. Summary of the values of the non-fatigue and fatigue pumping cycles to 
indicate the effect of fatigue on kinematics changes of the elbow, shoulder, knee, 
ankle, wrist, hip and waist. 
Non-fatigue Fatigue P 
X SD X I SD 
Range of motion (degrees) 
Ankle 12.5 4.8 9.8 3.8 .257(NS) 
Elbow 113.4 10.9 109.1 11.6 .431(NS) 
Hip 55.1 10.0 55.5 12.8 .935(NS) 
Knee 44.4 13.2 40.0 7.3 .390(NS) 
Shoulder - Sagittal plane 141.0 14.5 142.8 11.6 .673(NS) 
Shoulder - Fronatl plane 99.2 28.4 78.0 18.0 .109(^8) 
Waist 25.4 9.8 27.4 3.5 .508(NS) 
Wrist ~ 2 4 . 2 7.8 21.2 8.9 .305(NS) 
Pulling Phase - Maximum joint 
angle attained (degrees) ^ 
Ankle-Plantar flexion 131.0 1035 123.5 18.0 .196(NS) 
Elbow-Extension 170.0 4.3 167.4 5.6 .136(NS) 
Hip-Extension — 172.5 2.8 174.5 3.9 .ISOCNS) 
Knee-Extension 163.4 4.8 157.9 16.6 .368(NS) 
Shoulder-Sagittal plane-Extensi^ 115.8 12.2 115.4 12.6 .899(NS) 
Shoulder-Fronatl plane-Abducti^ 121.5 20.9 103.2 15.8 .097(NS) 
Waist-Extension — 173.3 3.5 172.2 5.3 .582(NS) 
Wrist-Extension — 175.2 3.0 175.7 2.7 •748(NS) 
Pulling Phase - Minimum joint 
angle attained (degrees) 
Ankle-Dorsiflexion 一 118.4 10.0 113.7 15.9 .218(NS) 
Elbow-Fexion — 56.6 15.0 58.4 11.7 .672(NS) 
Hip-Flexion 117.5 12.1 121.6 5.3 .41Q(NS) 
Knee-Flexion — 119.0 15.2 117.9 17.3 .482(NS) 
Shoulder-Sagittal plane-Flexion — 24.8 15.9 27.6 14.9 .650(NS) 
Shoulder-Fronatl plane-Adduction 22.3 16.0 25.3 15.8 •467(NS) 
Waist-Flexion | 147.9 9.3 144.7 5.7 .380(NS) 
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Wrist-Flexion 151.0 9.2 156.2 14.0 .15Q(NS)“ 
Average angular speed (deg/sec) 
Pulling Phase 
Ankle 34.3 —16.7 22.8 7.8 .160(NS) 
Elbow “ 204.3 37.7 184.6 26.1 .237(NS) 
108.5 25.4 1 0 0 . 9 ~ 22.7 .346(NS) 
Knee 90.7 38.9 74.0 20.4 .134(NS) 
Shoulder - Sagittal ~ 4 6 . 1 62.0 226.5 53.3 .245(NS) 
Shoulder - Frontal ~2Q1.6 67.2 147.4 30.7 .041(Sig) 
Waist 75.3 23.5 78.4 20.6 .507(NS) 
Wrist 104.0 32.1 | 85.6 36.6 •091(Sig) 
Sig : statistically significant (p<0.05) 
NS : statistically non-significant (p>0.05) 
Table 14. The average sum of the square of the differences of the non-fatigue and 
the fatigue normalised angular position trajectories during pulling phase. 
Ankle Wrist Waist Shoulder Hip Knee Shoulder- Elbow 
-Frontal Sagittal 
Average 1.18 ""“1.05 0.43 0.17 0.09 0.05 0.05 
^ — 1 . 3 7 1.14 0.57 0.14 0.04 0.04 0.03 
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4.5 Discussion 
The boom movement speed, indicated by hand movement, was decreased 
significantly at the end of 3-minutes of pumping in terms of pulling speed. This 
showed that less energy was available to oppose the tension of the Pumping 
Simulator Head. This might relate to the fact that the energy output from the 
windsurfers had decreased significantly and they could be assumed to have 
reached the fatigue point. Moreover, their high lactate (7.48mM ±1.79mM) 
response after the pumping exercise also indicated that their skeletal muscle had 
reached the fatigue stage (87-89). 
As the male and female subjects' results were grouping together for analysis, the 
standard deviation of most of the measured parameters were high. Nevertheless, 
the use of repeated t-test eliminated the variation between individuals and only 
studied the variation between the first and the last pumping cycles. The results 
of this investigation suggested that several kinematics variables were altered 
after maximal pumping for three minutes. Similar findings were documented by 
Siler and Martin (90). They noted that the stride length, range of motion of the 
thigh, maximum thigh flexion, maximum knee flexion and maximum knee 
extension of nineteen male subjects were altered significantly during the run to 
volitional exhaustion. In this study, there were dropping in the range of motion 
and the speed of movement for most of the tested joints after a 3-minutes 
pumping exercise or after the subjects had reached the fatigue stage, but none of 
them reached statistically significant level, except the pulling speed 
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measurement of shoulder joint in abduction and adduction movement and wrist 
joint. As significant dropped was only identified in the pulling speed 
measurement in the hand movement, shoulder abduction and adduction 
movement and wrist extension and flexion movement, but not in their respective 
range of movement measurements, this may indicate that the subjects were 
trying to maintain the range of motion of all the joints in the body by sacrificing 
the speed of movement of some joints by lengthen the duration of the pulling 
phase (increase from 0.63 sec to 0.69 sec). Viitasalo et al. (86) recorded that the 
contact time in the concentric phase of hurdle jumping increased significantly 
after continuous hurdle jumping for 45 seconds. They suggested that the 
increase in contact time together with other changes showed fatigue effects in 
motor unit recruitment, in their firing characteristics or in the transfer of 
mechanical energy from the eccentric to the concentric phase of contact. Their 
suggestion may also be applicable to this study. 
The joints' movement of shoulder (abduction and adduction) and wrist 
(extension and flexion) showed significant level of dropping in the speed of 
pulling movement. We may assume that the muscle groups responsible for these 
two joints' movement were affected the most in comparison with other muscle 
groups during the 3-minutes exhausted windsurfing pumping. Moreover, these 
muscles might responsible for slowing down the movement speed of the hand, 
which in return would affect the boom movement speed. Therefore, specific 
muscle training program prescribe to these muscle groups, mid-deltoid as well 
as wrist extensor and flexor, may have an effect to delay the slowing down of 
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the hand movement. Buchanan et al. (2) stated that muscular activity in the arm 
(flexor carpi ulnaris, extensor carpi radialis and biceps brachii) was greatest and 
with considerable activity in the deltoid and trapezius shoulder muscles as their 
subjects performed pumping simulation test. As these muscle groups are 
stressed more than other muscle groups, they may fatigue more than the others. 
Through the kinematic analysis of the initial pumping cycles, a generalised 
joints' movement pattern for the pulling phase of the pumping cycle in 
windsurfing was described as follow. The pulling phase started with flexing the 
shoulder joint and this movement would continue until the end of the pulling 
phase. Nearly all the subjects had their ankles plantarflexing at the start of the 
pulling phase. The ankles were completely plantarflexed in the middle of the 
pulling phase and then the ankles started to dorsiflex till the end of the pulling 
phase. At the early part of the pulling phase, the hip joint started to extend, the 
elbow joint started to flex and shoulder joint started to abducted. The hip joint 
extended to their maximum angle at around 65% to 74% of the pulling cycle 
and the shoulder and elbow joints usually abducted and flexed fully at the end of 
the pulling cycle. The joints of knee and waist started to extend at around the 
middle of the pulling phase and finish the extending movement at about 95% 
and 75% of the pulling cycle for the knee joint and waist joint respectively. The 
wrist had an unimiform movement along the pulling phase. It is assumed that 
goal directed movement (in this case, pumping action) is completed by an ideal 
sequence of co-ordination (91). Therefore, departure from this pattern indicates 
a change in co-ordination. 
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As shown by the analysis of the sum of square of the difference of the 
non-fatigue and the fatigue normalised angular position trajectories, the joint 
movement patterns of ankle, wrist, waist and shoulder in abduction and 
adduction movement were changed more after 3-minutes of maximal pumping 
than the other joints as they scored relatively high value in this parameter. No 
general trend of changes could be drawn from the graphs of wrist and waist 
joints as their trajectories were different for each individual. For the ankle joint 
movement pattern, all the movement was delayed by about 5% of pulling phase 
duration. For the elbow, shoulder (extension and flexion) and knee joints, the 
non-fatigue and the fatigue trajectories were almost the same. For the hip joints, 
more than half of the subjects had their hip joint extended earlier and finished 
the extension movement earlier by about 5% along the pulling phase after the 
subjects had reached the fatigue stage. Sparto et al. (75) found that in the 
fatigued stage, the tested joints reached their extension at an earlier time of the 
cycle as they studied the effect of fatigue on multijoint kinematics, 
co-ordination, and postural stability during a repetitive lifting test. They also 
suggested that these adaptive strategies may help to minimize energy utilization 
in the fatigued conditions. Shoulder (abduction and adduction) delayed in the 
time for reaching the maximum abduction angle and which was close to the end 
of the pulling cycle. 
The results of the analysis of the change of joints' movement pattern and the 
sum of square of the difference of the non-fatigue and the fatigue normalised 
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angular position trajectories might indicate that the wrist extensor and flexor, 
ankle plantar flexor and dorsiflexor, mid-deltoid (shoulder - abduction and 
adduction) and waist extensor and flexor, were affected more in a 3-minutes 
pumping exercise. This finding was similar to that found by conventional 
kinematics analysis. 
There are two possible sources of errors in the measurements obtained in this 
study. According to Hay and Yu (92), the errors include: 
i) Inaccuracies in the digitisation: 
This error can be reduced by having well trained and experienced 
personnel to perform the digitisation. In this study, the author had 
learned and practising the digitisation for more than a half year. 
ii) Lens distortion: 
Near the edge of the video image, this part is usually distorted by camera 
lenses. This error can be corrected by following the calibration 
procedure suggested by Peak Performance Technologies Inc. (82). In this 
study, the calibration frame (diameter = 3.57m) was placed in the centre 
of the pumping centre. It thus occupied a volume (the object volume) 
within which almost all of the motions of the subjects subsequently took 
place. Furthermore, the same cameras and calibration procedure were 
used with every filming session. 
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The high variability among individuals in the various kinematic 
measures obtained and the minimal changes with fatigue concluded 
above may due to the manner in which different individuals respond to 
fatigue. In order to further investigate how individuals differ in the way 
pumping mechanics changes with fatigue, it will be necessary to focus 
the experimental design on the individual rather than on a group. 
Williams et al. (74) stated the similar comments in their studies on the 
distance running and fatigue. 
4.6 Conclusion 
A repetitive pumping action for three minutes in up wind style would provoke 
fatigue response from the subjects. From the analysis of kinematic data of the 
initial pumping cycles, a general pattern of windsurfing pumping was described. 
With the comparison of the change of speed of movement and movement 
pattern of the tested joints, the ankle plantarflexors and dorsiflexors, 
mid-deltoid, waist extensor and flexor as well as wrist extensors and flexors 
were found to be affected the most during continuous pumping, which may be 
indicative of fatigue. 
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CHAPTER 5. 
The use of electromyography in the study of windsurfing 
pumping 
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Abstract 
The EMG power frequency spectra (mean power frequency: MPF; median power 
frequency: MEDPF) were found to be valid in noting muscle fatigue under dynamic 
conditions and the aims of this study were to: 
1) to document that EMG frequency spectrum was valid to reveal the muscle fatigue 
condition under dynamic muscle action in athletic group; 
2) to identify the muscle fatigue pattern of the major working muscles in windsurfing 
pumping simulation task by continuous monitoring the EMG power frequency 
spectrum. 
In order to achieve aim 1, eighteen scholarship athletes from Hong Kong Sports Institute 
(male: n=12 and female: n=6) performed knee extension and elbow flexion exercises 
maximally for 50 repetitions and 40 repetitions respectively on a Cybex 6000 isokinetic 
muscle test machine. The test speed was set at 180 deg.sec'^  for both movement tests. 
Surface EMG frequency spectra of the involved muscles (knee extension: rectus femoris 
and vastus lateralis; elbow flexion: biceps brachii and brachioradialis) and the work output 
of each repetition of both movement tests were recorded. A statistically significant 
correlation was found between the decrease of MPF and MEDPF and the decrease of work 
output. Furthermore, from the analysis of the decrease of the mean relative MPF and 
MEDPF and their standard deviation, it was found that the parallel decrease in mean and 
Page : 84 
median power frequencies and work output were significant at least up to 50 % and 60 % 
of work output drop respectively in elbow flexion and knee extension tests. Therefore, it 
appears that decrease of EMG mean and median power frequencies can be used to indicate 
muscle fatigue in the athletic group. 
For aim 2，two Hong Kong elite windsurfers pumped in "up wind" style maximally on a 
windsurfing pumping simulator for 3 minutes, and the surface EMG of the seven muscles 
(brachioradialis, biceps brachii, mid-deltoid, rectus abdominis, erector spinae, quadriceps 
and hamstring) were recorded for the whole period. MPF and MEDPF were calculated in 
each pulling cycle for all the assessed muscles. By analysing the MPF and MEDPF of each 
pulling cycle in relation to the working time, patterns of muscle fatigue were identified for 
each muscle group. This fatigue pattern might represent the muscle utilization pattern at 
different working time. When the muscle fatigue patterns of the two windsurfers were 
compared, they were found to be different. This suggested that the two windsurfers 
employed different muscle alternation strategies or technique for this task. 
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5.1 Introduction 
Pumping in windsurfing involves highly repetitive dynamic contractions. Since 
1992, it became one of the determinant factors in windsurfing performance. The 
board speed will be increased by pumping and therefore, if the athlete can pump 
longer, he or she can finish the course in a shorter time. During the race, athletes 
will slow down or stop the pumping action，because of muscle fatigue. 
Information about muscular activity during windsurfing is scarce. In the early days, 
as pumping was limited to three pumps per wave, studies were confined to static 
conditions. An electromyographic study of windsurfers with different skill levels 
was conducted to identify the most important muscles of the body in various 
standard surf-postures (65). Surf-posture refers to standing on the surf board with 
hands on the boom. The study found that all muscles displayed rather low activity 
(an average of less than 20% of their maximal isometric values). Therefore, 
windsurfing did not seem to be very demanding in terms of muscular force in 
isometric condition. But today, pumping is an integral part of racing. Therefore, the 
muscle activation level may be completely different. Recently, Buchanan et al. (2) 
and Dysan et al. (27) had examined the responses of windsurfers during 
laboratory-based simulation tasks and on the open water respectively. 
Electromyographic activity of the windsurfers were recorded in these two 
circumstances. Both of them indicated that during pumping in “up wind" and 
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"reaching" format, muscular activity of the arm was the greatest in comparison with 
the shoulder and leg. Moreover, Buchanan et al. (2) found that the 
electromyographic activity during dynamic condition was higher than that reported 
previously during simulation with isometric work. The electromyographic activities 
reported were assessing the stress level or the activity level of a particular muscle 
when performing the dynamic pumping action but they may not be reflecting the 
extent of local muscle fatigue. Muscle fatigue may be the most significant factor for 
slowing down of pumping action. There is a need to identify which muscle groups 
fatigue the most during pumping. If these muscle groups can be identified, the 
muscle training program can be planned accordingly. 
Currently, spectral alternations of the EMG signal are used in studying muscle 
fatigue. Under isometric conditions, the correlation of muscle fatigue and shifting 
of the power spectrum towards lower frequencies are well documented (93-95). 
However, the work on assessing EMG spectral change under dynamic situation is 
limited especially in athletic group. Gerdle et al. (96) investigated the mechanical 
performance, EMG activity, perception of fatigue and their relationships during 
repeated isokinetic shoulder flexion performed with maximal effort. They 
concluded that changes in the mean power frequency, for one muscle or several 
muscles together, parallel the mechanical fatigue. Several more studies concerning 
repeated maximal dynamic contractions of the shoulder muscles have demonstrated 
steep parallel decrease in mechanical performance and mean power frequency 
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during the initial 40-70 contractions (the fatigue phase) and then followed by a 
stable level (the endurance phase) (96-99). 
Although EMG frequency shift has been described under isokinetic contractions, 
work on ergometer was not well documented. It is ideal to obtain a continuous 
method to monitor muscular fatigue through evaluating the shift of frequency 
spectrum towards the lower frequencies under dynamic work on the specific 
ergometers for different sports. Duchene and Goubel (100) stated that an individual, 
submitted to a fatigue test, can adopt a variety of strategies to maintain a given 
effort and this has particularly demonstrated for respiratory muscles (101). 
Moreover, Sparto et al. (75) also suggested that there are adaptive strategies may 
subserve the energy minimization in the fatigued conditions. With the continuous 
monitoring of the fatigue pattern of working muscles, the strategies of recruiting 
muscles can be systematically documented. 
Therefore, the aims of this study were firstly to investigate the interrelationship 
between EMG power frequency components (mean power frequency-MPF and 
median power frequency-MEDPF) and the work output during maximal voluntary 
isokinetic knee extension and elbow flexion exercises in Hong Kong athletic group. 
The second aim was to monitor the fatigue pattern of windsurfers' major working 
muscles, through measuring the shifting of mean and median power frequencies 
during maximal pumping exercise on a windsurfing pumping simulator . 
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5.2 LITERATURE REVIEW 
5.2.1 Electromyography (EMG) 
EMG is a measure of the electrical activity along the muscle fibers. 
The electromyographic (EMG) signal is a good tool for understanding muscle 
activity and condition. EMG can be used in gait analysis, biofeedback and register 
muscular activity level. Currently, EMG signal has been used in studying muscle 
fatigue. 
5.2.1.1.The Physiological Background of EMG S — 1 
Muscle fiber is, as with nerve fiber，an excitable tissue. There is a potential 
difference exists across the muscle sacrolemma that is maintained by ionic 
concentration gradients. When a muscle is at rest, sodium ions (Na+) are 
mostly concentrated on the outside of the sacrolemma, causing it to be 
electrically positive, while the inside is electrically negative. The resting 
membrane potential is about -90mV. Whenever there is stimulation from the 
nervous system to activate the muscle for contraction, the sacrolemma 
becomes highly permeable to Na+. The extent of Na+ influx is firstly to 
depolarize the potential difference across the muscle sacrolemma and then 
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reverse the membrane polarity to �+30mV. After the new equilibrium 
potential difference established, the permeability of Na+ ions will be 
decreased and at the same time there will be increasing of K+ ions 
permeability. And then the efflux of K+ ions repolarizes the muscle fibers. 
Adjacent portions of the sacrolemma are subsequently depolarized by 
passive spread，and the resulting muscle fiber action potential proceeds in 
both directions along the muscle fiber (11,102). 
5.2.1.2 Recording EMG Signal 
Electrodes (surface or needle) are used to record the presence of and 
propagation of the action potential, which is then amplified and recorded as 
EMG signal. 
Regarding the placement of the surface electrodes, Zuniga et al. (103) and 
Kramer et al. (104) advised electrodes should be placed as close as possible 
to the middle of the muscle belly, in order to obtain maximal EMG 
potentials from fusiform muscles. Lindstrom and Petersen (105) suggested 
that the electrode should not be placed near the innervation zone. Clarys and 
Cabri (106) stated that fixing the electrodes on the geometric middle of the 
muscle belly under contraction, with its detection surface along the length of 
the fibers, is the most reliable technique. 
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In order to minimize the resistive and capacitive properties of the skin, it is 
important to abrade the skin by means of sandpaper at the site chosen for 
electrode application (107)，and cleaning the surface with alcohol. 
For the electrodes, Webster (108) suggested that silver-silver chloride 
electrodes help to minimize motion artifact produced by skin potentials and 
so are useful in dynamic contractions. Moreover, Kamen and Caldwell (102) 
indicated that large electrodes may be appropriate for larger or broader 
muscles because the larger electrodes can detect signals from a broader area. 
The improvement in electromyographic registration technology for the 
detection of electrical potential produced in muscle activity, and the more 
general advances in the technology for studying voluntary complex 
movements, are responsible for the increased application of EMG in many 
areas. These include neurosurgery, bioengineering, functional electrical 
stimulation, orthopaedics, rehabilitation, ergonomics and occupational 
biomechanics, zoology and physical therapy (106). 
5.2.1.3 Kinesiological EMG 
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Within EMG study, a particular specialty has been developed wherein the 
aim is to use EMG for the study of muscular function and coordination. 
This area of research is usually called Kinesiological EMG (109). The 
research areas of Kinesiological EMG can be summarized as follows: 
studies of normal muscle function during selected movements and postures; 
studies of muscle activity in complex sports; occupational and rehabilitation 
movements; studies of isometric contraction with increasing tension up to 
the (relative) maximal voluntary force; evaluation of anatomical fimctions; 
coordination and synchronization studies; the relationship between EMG 
and force; and muscle fatigue studies (106). 
5.2.2. Surface EMG Signal and Muscle Fatigue 
Fatigue is usually defined as the reduction in the force generating capacity of the 
neuromuscular system. The drop of sports performance may be due to local muscle 
fatigue. In the analysis of sports movement, to have an objective measurement of 
local muscle fatigue pattern by EMG signal pattern among all the active muscles is 
very important for coaches and trainers. They can devise specific muscle training 
programs according to the muscle fatigue pattern. 
5.2.2.1 Frequency Analysis of EMG Signal 
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The shift towards lower frequencies of the electromyogram (EMG) 
frequency spectrum has been used as an estimator of muscle fatigue 
(110-113). The most common procedure is to monitor the relative changes 
in the mean and median power frequencies and to relate these measures to 
the initial value or non-fatigue state mean and median power frequencies. 
Dong & Guo (114) studied 10 healthy young men. The subjects carried 20 
kg of weight on their shoulders and performed toe raising continuously until 
they could not sustain - muscle fatigue. The results showed that the mean 
power frequency of the gastrocnemius of all subjects dropped by 34.15 Hz 
on average. 
Tsuboi et al. (115) monitored the median power frequency of the EMG 
power density of the erector spine muscles of both low back pain patients 
and normal subjects in order to quantify the localized muscle fatigue. All the 
subjects were laid prone with the cranial border of the anterior superior iliac 
spine on the edge of a couch. Their buttocks and legs were secured by broad 
straps 12 cm in width. Their upper parts of the body; with the arms crossed 
in front of the chest, were unsupported and were kept at an angle of 5 � u p 
from the horizontal plane. The time was measured with a stop watch from 
the moment the trunk was unsupported until the subjects were completely 
fatigue in the back, causing them to put their hands on the floor or the 
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unsupported time reached 120 seconds. The results indicated that the 
median power frequency of the back muscle dropped progressively with the 
endurance time, i.e., during fatigue. 
Kaljumae et al. (116) used the phenomena of the shift of EMG mean power 
frequency and median power frequency towards lower frequencies under 
isometric condition to document the change of fatigability of vastus lateralis 
and vastus medialis after 10 weeks of bicycle-ergometer training program in 
male subjects. They concluded that both vastii muscles fatigability were 
decreased after the training program. 
In the past, many of the studies were done under isometric work, as Dong & 
Guo (114) did, but true isometric contractions are rare in the sports world. 
Therefore, in the last 10 years, more studies were done to assess whether 
spectral analysis of the EMG signal can indicate fatigue in dynamic 
conditions. 
Gerdle et al. (96) recorded peak torque, work, and electromyographic 
(EMG) activity for each of 150 repeated isokinetic maximal shoulder 
flexion (45�- 90。）in 23 healthy females. The mean power frequency and the 
signal amplitude of trapezius, deltoid, infraspinatus and biceps brachii, were 
determined in real time. The mechanical output (peak torque and work) 
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showed a steep decrease during the first 40 contractions, followed by a 
plateau maintained until the end. They also found that the EMG mean power 
frequencies correlated better than the signal amplitudes with the drop of 
mechanical output and were parallel with the muscle mechanical fatigue. 
Gerdle and Fugl-Meyer (117) had 10 healthy women to perform repetitive 
maximum isokinetic plantar flexion. The EMG mean power frequency 
measured on the soleus, the gastrocnemius medialis and gastrocnemius 
lateralis were decreased in parallel with the work output during the initial 50 
contractions and followed by stable levels during the subsequent 50 
contractions. 
5.2.2.2 Physiological Background of the Shift in EMG Mean Power Frequency and 
Median Power Frequency 
Kamen and Caldwell (102) had stated that the constituent frequencies that 
make up the generated myoelectric signal are dictated by the underlying 
physiological process associated with the excitation of motor units. Several 
physiological mechanisms come into action during local muscle fatigue 
occur and induce spectral changes. They include accumulation of metabolic 
by-products (lactic acid) and potassium, leading to a decrease in conduction 
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velocity of muscular action potential (118). However, the MPF will increase 
with muscle temperature (119). 
Horita and Isiko (98) had eleven healthy males performed isokinetic knee 
extensions at an angular velocity of 180 deg.sec] for 30 and 60 seconds. 
They concluded that the changes in the frequency components of the EMG 
and in the contractile property of the muscle (vastus lateralis) during short 
term intense exercise correlated with lactate accumulation in the muscle, 
and that the decrease in efficiency of the electrical activity in the muscle 
suggested peripheral fatigue. 
5.2.2.3 EMG power spectrum analysis at different level of muscle contraction 
Lippold (120) first described a linear relation between integrated surface 
EMG and force during voluntary isometric contractions. It had also been 
found that integrated amplitude of the surface EMG increase is due to the 
increase in recruitment and firing frequencies of the active motor units 
(121). 
For the study of muscle fatigue by EMG frequency spectrum analysis, it is 
important to make sure that frequency spectrum will not be determined by 
muscle contraction force level as the integrated surface EMG. Otherwise the 
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shift of frequency spectrum may be due to different muscle contraction 
level. If the EMG power spectrum is dependent on contraction level, it 
would be a limiting factor in the use of frequency power spectrum analysis 
as a diagnostic tool for muscle fatigue evaluation in sports movement. 
Nagata et al. (122) performed a study to verify if significant differences 
exist in the EMG spectrum between pre- and post-fatigue state, at different 
levels of maximum voluntary contraction (MVC) produced by the elbow 
flexors. The results showed that starting at 40 per cent MVC, it appears that 
the shift in the spectra observed towards lower frequencies with fatigue is a 
consistent finding. 
Hagberg and Ericson (123) studied the surface EMG frequency spectrum 
(mean power frequency) which was recorded from biceps brachii, brachialis 
and brachioradialis of four subjects who performed a brief (3-5s) isometric 
contraction (5-80 % MVC). The MPF (mean power frequency) was found to 
increase with contraction strength with low levels contractions. At level in 
excess of 25-30 % of MVC, the MPF became independent of contraction 
level. They noted that this dependence of the MPF on low level of muscle 
contractions is explained by tissue filtering effects on the frequency power 
spectrum, the recruitment order and distribution of motor units. 
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5.2.2.4 EMG power spectrum analysis for different muscles 
It has been found that the fatigue characteristics of a muscle are in part, 
determined by its fiber type distribution pattern. Muscles with a high 
proportion of fast-twitch fibers tend to be more fatigable than those with a 
high percentage of slow twitch fibers (112,124,125). 
Studies by Johnson et al. (126) and Edgerton et al. (127) have reported that 
there can be substantial differences in the percentages of fast- and 
slow-twitch fibers in the individual muscles of the quadriceps femoris 
group. Thus, it is possible that due to differences in fiber type distribution 
patterns, the thresholds of neuromuscular fatigue occur at different power 
outputs for the individual muscle of the quadriceps femoris group. This will 
imply that the fatigue pattern of different muscles in the same individual or 
the same muscle group in different individuals will be different. 
Moritani et al. (128) found that there was selective fatigue within the two 
main ankle extensor muscles, the EMG of the relatively fast-twitch medial 
gastrocnemius being affected to much greater extent than its slow-twitch 
synergist soleus. They found that the significant decrease in mechanisms 
after repeated hopping could in large part be accounted for by the substantial 
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and selective decline of the EMG level of the relatively fast-twitch medial 
gastrocnemius muscle. 
Bilodeau et al. (129) studied the electromyographic spectrum power 
distribution caused by a progressive increase in the force level and they 
found that subjects with a thicker skinfold layer over the triceps brachii (TB) 
presented a bigger loss of power in the high frequency region of the 
spectrum as the force is increased. They concluded that the varying 
behaviors observed across subjects for the TB, such as between men and 
women, could be explained by a different skinfold layer from subject to 
subject. Therefore, the skinfold thickness is a significant determinant not 
only of the behavior of the central tendency parameters of the power 
spectrum across force level but also the shape of the spectrum. 
5.2.2.5 Precautions when measuring EMG signal under dynamic condition. 
DeLuca (95) had stated that in dynamic contraction, various mechanical, 
physiological, anatomical, and electrical modifications occur throughout the 
contraction that affect, in substantial ways, the stability of the EMG signal. 
This may be because of the stability of the electrode position with respect to 
active muscle fibers which are affected. Any such movement would affect 
the amplitude of the MUAPs (motor units action potential) and possibly 
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bring the electrode to the territory of an active motor unit not previously 
detected. He suggested if it is necessary to process on EMG signal detected 
during repetitive dynamic contraction, then a fixed epoch in the period of 
the contraction should be chosen for analysis, and all comparisons should be 
made in this epoch. 
Morimoto (130) stated that muscle fiber conduction velocity decreases with 
a greater muscle length, apparently because of the decrease in muscle 
diameter. Therefore, the power frequency spectrum can be affected by 
muscle fiber length (131-133). Kamen and Caldwell (102) made the 
comment that the muscle electrical activity change with muscle length may 
be one key reason why the interpretation of EMG activity under dynamic 
contractions can be difficult. Such comment also indicated the importance 
of sticking to a fixed epoch in the period of the contraction for analysis. 
5.2.2.6 Mean Power Frequency and Median Power Frequency 
Bilodeau et al. (129) defined that the Median Power Frequency as the 
frequency where the spectrum is divided in two parts of equal power, while 
the Mean Power Frequency is the statistical average of the spectrum. They 
also stated that the Median Power Frequency is a zero-order parameter. 
Thus all the frequency components are weighted equally. In contrast, the 
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Mean Power Frequency comprises moments of the first order, that is, the 
power at a given frequency is weighted (multiplied) by the numerical value 
of that frequency. Therefore, the power in the high frequency range is 
weighted to a greater extent when using Mean Power frequency. 
Moreover, Stulen and DeLuca (134) have shown that the median power 
frequency appears to be the most favorable parameter to use, since it is the 
least sensitive to noise. 
Nagata et al. (122) in their study on the EMG power spectrum as a measure 
of the muscular fatigue at different levels of contraction stated that the 
Median Power Frequency is less sensitive than the Mean Power Frequency 
in detecting differences in the obtained power spectra. This illustrates the 
fact that this statistic, Median Power Frequency, is more conservative than 
the Mean Power Frequency. The latter, however, is affected by extreme 
values of the distribution of scores composing the spectrum and would tend 
to reflect changes that are occurring even at low levels of percentage of 
maximum voluntary contraction. The Median Power Frequency by not 
reflecting such differences, indicates that, even if the distribution of scores 
has presented the same changes, such as an increase in its standard 
deviation, its center on median value has not changed. 
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5.2.2.7 Precautions for perform EMG frequency spectral analysis 
DeLuca (95) in his paper "The use of surface Electromyograph in 
Biomechanics" suggested some guidelines when performing EMG 
frequency spectral analysis. 
Firstly, he stressed the importance of placing the electrodes on the tested 
muscle group. The distance between the detected electrodes should be fixed 
for comparison. Moreover, the electrode should be placed between the 
myotendinous junction and the nearest innervation zone in order to avoid 
the yielding of a higher value for the median and mean power frequency. It 
should be aware that the EMG signal will be altered by the following 
factors. Cross talk effect, the signals originating from other muscles, will 
skew the frequency spectrum towards the lower frequencies. The amount of 
subcutaneous (fatty tissue) between the electrodes and the active fibers will 
reduce the value of measured frequency spectrum. Furthermore, as the 
muscle contract, the muscle fibers diameter will be increased and will shift 
the frequency spectrum towards the high-frequency range. Therefore, these 
factors should be addressed as frequency spectrum is analyzed. If the 
spectral analysis technique is to be applied to dynamic contractions, then the 
power frequency should be calculated only when the EMG signal is 
Page : 102 
reasonably stationary and is detected at the same phase during a repetitive 
dynamic contraction. 
5.2.3 EMG Analysis in Windsurfing 
5.2.3.1 EMG analysis under static conditions 
Van Gheluwe et al. (65) evaluated the action of 20 selected arm and torso 
muscles by surface electromyography. The subjects were 19 windsurfers of 
different skill levels. The subjects stood on a specially devised windsurfing 
simulator in order to keep the different surf postures as standardized as 
possible. They concluded that (a) as all muscles display rather low activity 
(an average of less than 20% of their maximal isometric values), 
windsurfing does not seem very demanding of muscular force, (b) The M. 
flexor carpi radialis, together with M. erector spinal, tend to exhibit higher 
levels activity for beginners, which suggests, respectively, a more rigid grip 
on the wishbone and stronger low back muscle activity in order to keep a 
correct posture. Together with the study by Hrusa et al. (135), these studies 
were done under isometric condition and the information gathered in these 
studies may not reveal the muscle requirement in today's windsurfing. 
5.2.3.2 EMG analysis under dynamic condition 
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Buchanan et al. (2) examined the responses of six competitive boardsailors 
(three males, three females) during laboratory-based pumping simulation 
tasks while the electromyographic activity of up to 13 muscles was 
recorded. The progression of the simulation test was controlled by the sailor 
copying movements on an edited video of each subject boardsailing on the 
open water. Each session of tests lasted approximately 10 min with 3-4 min 
of 'beating', 'reaching' and 'running'. Analysis of individual pumping 
movements for the mean peak percentage of maximal enveloped voluntary 
contraction (% MEVC) in beating and reaching showed that muscular 
activity in the arm (flexor carpi ulnaris, extensor carpi radialis and biceps 
brachii) was the greatest (66-94% MEVC), with considerable activity 
丨、 
(58-75% MEVC) in the deltoid and trapezius shoulder muscles, but much 
less activity in the leg muscles (16-40% MEVC). For the combined upper 
and lower body muscles, there was a significant difference (P<0.001) 
between 'beating' and more physically demanding 'reaching' pumping 
activity. Dyson et al. (27) performed a similar study as Buchanan et al. (2), 
but Dyson's study was performed on open water. All the physiological 
signals (ECG and EMG) were transmitted to a shore base by radio telemetry 
and recorded with synchronized video and audio information of movement. 
Electromyographic activity was recorded during beating，reaching and 
running. During beating and reaching under light wind (2 knots) condition, 
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the trapezius, flexor carpi ulnaris，extensor carpi radialis, biceps brachii and 
tibialis anterior were very active, though the role of the tibialis anterior 
increased. Differences in technique were identified between the subjects, 
notably in the order of muscle recruitment to participate in the activities. 
5.2.4 Summary 
The electromyographic (EMG) signal has been well used for understanding muscle 
activity and condition in sports activities. Recently the shift towards lower 
frequencies of the electromyogram (EMG) power frequency spectrum has been 
used as an estimator of muscle fatigue. The physiological background behind this 
phenomenon was discussed. The effects of different level of muscle contraction 
level, muscle fibre type distribution and skinfold layer thickness on EMG 
frequency spectrum shifting were documented. There are precautions when 
measuring EMG signal and performing EMG frequency spectral analysis under 
dynamic condition. Past studies on the EMG analysis in windsurfing under static 
and dynamic conditions were listed for reference. 
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Part 1 
Frequency spectrum analysis during repeated isokinetic knee extension 
and elbow flexion 
5.3 Method 
5.3.1 Subject group 
All the subjects were scholarship athletes in Hong Kong Sports Institute and they 
were from the sports of soccer, squash, rowing and windsurfing. They all were 
members of the national teams of Hong Kong during the testing period and had 
received systematic training for more than three consecutive years. Totally, 18 
athletes participated in this study (male: n=12 and female: n=6). Their average 
height, weight and age were 168.8±3.6 cm, 64.9±11.5 kg and 22.8±3.7 yrs for the 
male athletes, and 167.8±2.8 cm, 58.5±9.1 kg and 22.8±2.6 yrs for the female 
athletes. 
5.3.2 Procedure 
One week before testing，all subjects had one session in the Human Performance 
Laboratory of Hong Kong Sports Institute to accustom to the testing procedures 
Page : 106 
and to try on the isokinetic loading dynamometer Cybex 6000 (Cybex 
Corporation, RonKoma, NY, USA). 
Torque and angle calibration were done before each test session, according to the 
manufacturer's recommendation. The Cybex 6000 (Cybex Corporation, Ronkoma, 
NY, USA) will provide the researcher and clinician with consistent measurement 
of peak torque, work and power for knee extension and elbow flexion during 
isokinetic concentric contractions as the intramachine correlation of Cybex 6000 
range from 0.83 to 0.94 (136). Similar comments were made by Li et al. (137) 
after completing a study to determine the reliability of the Cybex 6000 isokinetic 
dynamometer in measuring knee muscle performance concentrically and 
eccentrically. 
：丨 
5.3.2.1 Test movement and muscle assessed 
Every subject had to perform two movement tests, and they were knee 
extension for assessing Rectus Femoris and Vastus Lateralis，and elbow 
flexion for assessing Biceps Brachii and Brachioradialis. 
5.3.2.2 Test speeds and repetition 
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The movement speed of these two movement tests was set at 180 deg.sec"^ 
For knee extension, 50 repetitions were performed while for elbow flexion, 
40 repetitions were performed. 
After obtaining informed consent (Appendix I), the subjects' weight and height 
were measured. A 10-minute general stretching and warm up was performed to 
prepare the muscles for each test movement. T-shirt and shorts were worn, and 
shoes were removed for the knee extension test. 
After setting the apparatus for the appropriate joint movement, the subject was 
stabilized with straps to the testing apparatus. The two movement tests' settings 
were adjusted according to Cybex 6000 Testing and Rehabilitation System-User 
Guide (30). Only the right side data were reported in this study. For knee extension, 
the subject sat on the dynamometer chair and was stabilized by thigh, hip and chest 
straps. For elbow flexion, the subject lay on the U.B.X.T. (upper body exercise 
table) in supine position. His/her right arm was abducted to an angle about 45° from 
the body . The subject's body was fixed with straps across their hips and chests. 
For each joint movement, the joint's axis of rotation was aligned with the input 
shaft of the dynamometer. All adjustments were made by the same investigator. 
Then the subject underwent a warm up session at 180 deg.sec' for 5 repetitions of 
testing movement in order to get used to the test speed. After the warm up session， 
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the subject was instructed to perform maximally in both directions of the 
movement, i.e., both knee extension and knee flexion, although only data from the 
knee extension was analyzed in this study. Similarly, the subject had to perform 
both elbow extension and flexion maximally. The work (joules) of each repetition 
of knee extension and elbow flexion was recorded. 
5.3.2.3 EMG capturing 
Two Ag-Ag/Cl surface electrodes (1.5cm in diameter-the gel surface; 
Marquette, Jupiter, FL, USA) were placed 4 cm apart on the geometric 
middle of the muscle belly under contraction, with their detection surface 
along the length of the muscle fibers (106) (Appendix IV). A ground, 
( � 
electrode (1.5 cm in diameter - the gel surface; Marquette) was attached on 
the fibula head for knee extension and acromion head for elbow flexion. 
Reduction in skin impedance was achieved before attachment of the 
electrode by rubbing with alcohol and ether (4:1) and then skin abrasion. A 
goniometer (ADU301, Penny and Giles Biometrics Ltd., Gwent, UK) 
(Technical specification is listed in Appendix II) was positioned over the 
elbow and knee joints to monitor the elbow and knee joint angles. The 
goniometer was set at zero as both joints were fully extended. For each task, 
the signal from the goniometer was directly input to the main unit of the 
TELEMG (B.T.S. Bioengineering Technology & Systems, Corsico, Italy) 
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telemetry electromyography system (Technical specification is listed in 
Appendix II). The TELEMG is comprised of two units; the portable unit and 
the main unit. The portable unit is attached to the subject for sampling the 
EMG signal while the main unit receives EMG signal from the portable unit 
through the radio frequency (RF) channels and relays the signal to the NEC 
notebook computer with Labview software (National Instruments 
Corporation, Texas, USA) through a data acquisition system DACard-700 
(National Instruments Corporation, Texas, USA). The portable unit of the 
TELEMG samples the EMG signal at 5 kHz and sends the signal to the 
main unit continuously. The knee or elbow angle from the goniometer and 
EMG signal were assessed simultaneously during the isokinetic 
contractions. The pass band of the EMG signal was set between 10 Hz to 
300 Hz, using a fifth order, butterworth, bandpass filter. The fifth order, 
butterworth, lowpass filter, on which the lower comer frequency was set to 
10 Hz, was used to screen the higher frequency noise of the joints' angles. 
The advantage of the TELEMG system is suitable for the EMG 
measurement in movement. The use of the pre-amplifier (input differential 
impedance: 1X10E12 ohm), which is near the pair of electrodes, can 
effectively reduce the movement artifacts. Furthermore, the wireless 
communication gives the freedom for subjects movement. 
5.3.2.4 Data Analysis 
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For each dynamic segment, half a second of EMG data was recorded. The 
start of the EMG recording in each dynamic segment was triggered on 
during the start of the corresponding joint movement which was registered 
by the goniometer. Then Fast Fourier transform was used to calculate the 
mean power frequency (MPF) and median power frequency (MEDPF) of the 
spectra. 
Polynomial regression analysis, with the relative work (joules) output in 
each repetition as the independent variable, was used to characterize the 
change of the dependent variable (relative mean and median power 
frequency measured at the corresponding repetition) for each movement 
test. Relative values were calculated as percentages of the maximum 
performance of each parameter in each movement test. Hence, a regression 
equation describing the relationship between the relative work output and 
the relative mean and median power frequencies was established for the four 
tested muscles for each individual subject. In order to generalize these 
relationships, the mean of the relative mean and median power frequencies 
of the whole subject group (with their standard deviation) were plotted 
against the corresponding relative work output for each of the four muscle 
groups. Mean values were calculated with the regression equation of each 
subject pooled at the relative work output equal to 100% and every then 5% 
drop. 
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5.4 Result 
As there were significant variances in the work output and frequency spectrum 
measured in the first two repetitions of both movement tests, all the data measured 
in these two repetitions were neglected. Therefore, analysis starts at the third 
repetition. All the subjects dropped in their work (joules) output in the knee 
extension and elbow flexion tests from a maximum value 24.1 joules to 9.4 joules 
and 12.9 joules to 6.8 joules respectively. This corresponds to a drop of 61.0 % and 
47.3 % for knee extension test and elbow flexion test respectively. In both 
movement tests, the decline in work output was accompanied by a concomitant 
decrease in mean and median power frequency. However, the patterns of decreasing 
I \ 
were different, the work output dropped linearly and continuously, but the decline 
of the mean and median power frequency was very fast in the first 3 repetitions and 
then followed by a slow decreasing phase till the end of the test (Figure 5-9). The 
change of mean and median power frequencies of the four muscles assessed is 
listed in Table 15. 
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Figure 7 Mean power frequence (MPF) response m


















































































Figure 8 Median power frequence (MEDPF) 
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Figure 9 Median power frequence (MEDPF) response measured on Brachioradialis and Biceps Brachii during elbow flexion exercise. 
Table 15. The change of the mean and median power frequencies of the assessed muscle 
groups. (Mean 土 SD) 
Muscles Vastus Rectus Biceps Brachioradialis 
Lateralis Femoris Brachii 
Maximal MPF 48.9± 12.0 54.6± 11.7 52.3 ± 12.6 5 2 . 6 7 ± 9 9 ~ 
(Hz) -
Minimal MPF 30.1 ±5.3 34.2土 5.9 31.9±3.5 32.86±2.9 
(Hz) 一 
Maximal MEDPF 42.3 土 13.0 47.7+ 12.1 44.5 ± 12.1 45 1 ± 8 4 
(Hz) “ 一 
Minimal MEDPF 25.6±2.6 27.3 ±2.8 29.0±3.2 30.6 ± 2 6 ~ ~ 
(Hz) — 
Relative drop in 36.1 ±11.9 36.3 ± 8.2 36.8 ± 12.6 36.1 ±9.8 
MPF (%) 
Relative drop in 38.5 ±13.4 40.5 ± 11.1 36.9+ 12.6 36.6 + 9.5 
MEDPF (%) _ 
In all the muscles, a significant decrease (p<0.05) in the mean and median power 
frequency was occurred. The relative drop in MPF and MEDPF was around 37.2 %. 
The multiple regression analysis results indicated that there was high correlation 
between the drop of the relative work output and the drop of the mean relative MPF 
and MEDPF for the tested muscles. The average R square values for the Vastus 
Lateralis, Rectus Femoris, Biceps Brachii and Brachioradialis were 0.8485，0.7923, 
0.8594 and 0.9249 respectively for MPF; 0.7757，0.8322, 0.8715 and 0.9453 
respectively for MEDPF. 
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Figure 10-17 reveal the relationships, with polynomial regression adjustment, 
between the mean of the relative MPF and MEDPF and their respective relative 
standard deviation with the relative workout of the four muscles during exhaustive 
isokinetic muscle work out. For the biceps brachii and bmchioradialis, the mean 
relative MPF and MEDPF decrease continuously until they reached 60 % - 50 % of 
relative work output. The extent of decreasing of mean relative MPF and MEDPF 
at this level were about 25 % and 18 % respectively. Beyond the 60 % - 50 % of 
relative work output, both the mean relative MPF and MEDPF rose continuously. 
The standard deviation of the relative MPF and MEDPF of these two muscle groups 
were keeping at a constant level from 100 % to 60 % of relative work output. 
Beyond 60 % of relative work output, the standard deviation value rose up 
dramatically. Both the mean relative MPF and MEDPF of the vastus lateralis and 
rectus femoris had two phases of decrease in relation to the decrease of relative 
work output. The first phase of decrease started from 100 % to reach around 70 % 
and the second phase started from 40 % and reaching to 0 % of relative work 
output. The two decreasing phases were linked by a relative stable phase. The 
extent of decreasing of mean relative MPF and MEDPF, from the beginning (100 % 
of relative work output) to the start of the second phase of decreasing, were about 
29.8 % and 24.7 % respectively. For the analysis of standard deviation of the 
relative MPF and MEDPF of these two muscle groups, as with the findings in the 
analysis of biceps brachii and brachioradialis, the standard deviation value was 
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relative stable from 100 % to 40 % of relative work output. Beyond 40 % of relative 
work output, the value of standard deviation is increased dramatically. 
The sudden increase of the standard deviation of MPF and MEDPF coincided with 
the start of the rise in the mean relative MPF and MEDPF in biceps brachii and 
brachioradialis; and the start of the second phase decrease of the mean relative MPF 
and MEDPF in vastus lateralis and rectus femoris. 



















































































easured on Vastus Lateralis during knee extension. 
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Figure 14 Median power frequency (MEEDPF) response m















































































































































































































































































































Figure 17 Median power frequency (MEDPF) response m
easured on Biceps Brachii during elbow flexion. 
5.5 Discussion 
Fatigue can be defined as the failure to maintain the work output from the working 
muscles. Hence, the drop of the work output in the two movement tests indicates 
that the muscles responsible for the knee extension and elbow flexion were 
fatigued. Simultaneously with the decreases in mechanical work output, significant 
correlated decreases in mean power frequency and median power frequency (MPF 
and MEDPF) were recorded. The decrease of MPF and MEDPF observed 
throughout the dynamic trials is consistent with previous studies of elbow flexion 
exercise (138,139) and knee extension exercise (98,140). The relative drop of the 
MPF and MEDPF in all the four muscle groups was about the same, and was 
about 37.2 %. This level of dropping of MPF and MEDPF can be used as a 
guideline for determining the extent of msucle fatigue. The more the measure of 
MPF and MEDPF get close to this level of dropping, the more fatigue the muscle 
may be. 
Gerdle and Fugl-Meyer (117) found significant decreases in MPF in soleus and 
medial gastrocnemius during the first 30-50 contractions of isokinetic plantar 
flexion at 60 deg.s"' out of 125 contractions. Gerdle et al. (96) also noted that 
except biceps brachii, significant decreases in the mean power frequency occurred 
during the first 40 contractions in deltoid, trapezius and the infraspinatus when 
their subjects were instructed to perform 150 maximal isokinetic shoulder forward 
flexion at 60 deg.s'^ Tesch et al. (140) assessed the change of MPF in M. Vastus 
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lateralis, M. Vastus medialis and M. Rectus femoris when the subjects were 
performing 120 maximal knee extension isokinetic exercise at 90 deg.s'^ They 
found that the MPF decreased in the first 25 contractions and then leveled off. 
They concluded that the relative changes in MPF correlated with muscle lactate 
concentration and fiber type distribution. In individuals with a high proportion of 
fast twitch muscle fibers and/or the greatest lactate accumulation, their muscles' 
MPF and high frequency components of EMG would be decreased most markedly. 
Both Fugl-Meyer et al. (97) and Gerdle et al. (141) also commented that it was 
reasonable to explain the marked initial decrease in MPF due to fatigue of the type 
2 fibers. In this study the significant fast drop of MPF in all the assessed muscles 
occurred in the first 5 contractions, thereafter the MPF decreased at a much slower 
rate. One of the differences between this study and the above mentioned studies 
1 
was the testing speed. The current subjects performed the two muscle tests at 180 
deg.s'' which was much faster than the others. To work at a fast movement speed, 
the working muscle will depend more on fast twitch muscle fibers and may make 
them fatigue faster and so the MPF decreases faster. Moreover, the depletion of 
muscle ATP (adenosine triphosphate) and CP (creatine phosphate), which will be 
happened after a few seconds (less than 10 seconds) of maximal muscle work, may 
also contribute to the quick drop of MPF and MEDPF. Further studies are required 
to clarify this phenomenon. 
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For group analysis, before the sharp rising of the standard deviation of the mean of 
the relative MPF and MEDPF (Figure 10-17), the standard deviations for the four 
assessed muscles were about 11-16 %. Such variance of the mean relative MPF 
and MEDPF calculated from the whole group indicates that the decrease of 
relative MPF and MEDPF with muscle fatigue was not identical among the 
subjects. The fatigue characteristics of a muscle are in part, determined by its fiber 
type distribution pattern. Muscles with a high proportion of fast-twitch fibers tend 
to be more fatigable than those with a high percentage of slow twitch fibers 
(112,124,125). Moreover, studies by Johnson et al. (126) and Edgerton et al. (127) 
reported that there could be substantial differences in the percentages of fast- and 
slow- twitch fibers in the individual muscles of the quadriceps femoris group. 
1 Thus it is possible that due to differences in fiber type distribution patterns, 
thresholds of neuromuscular fatigue occur at different power outputs for the 
individual muscles of the quadriceps femoris group. Moreover, the tissue between 
the active electrodes and the muscle fibers produces a potent low pass filtering 
effect to the measured EMG power frequencies. Dela Barrera and Milner (142) 
found that when recording from the same muscle, subjects with small skinfolds 
thickness tend to manifest higher median frequencies in the EMG signal. As the 
muscle fiber type distribution and the skinfold thickness for each individual would 
not be varied within the testing session, the standard deviation results for each 
muscle group were reasonable to be kept at a constant level. 
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Sudden rise in the standard deviation of the mean relative MPF and MEDPF was 
found in all tested muscles and this might indicate that some other factors came 
into play, affecting MPF and MEDPF response beyond a definite threshold. These 
factors may include cross-talk effect (102) as other muscles were activated to 
compensate for the dropping of the work output from the assessed muscles in 
order to continue the work task. The degree of synergistic action of other muscle 
groups and the varying amounts of co-contraction of the muscle groups may alter 
the force contribution of the muscle under investigation to the measured net force 
on a joint (123). 
Therefore, before the sharp rise in the standard deviation value of the mean 
relative MPF and MEDPF of the respective measured muscle groups, the shift of 
the mean relative MPF and MEDPF for respective muscle group, was in parallel 
with the mechanical fatigue. The sharp rising point was about 50 % of relative 
work output for the brachioradials and biceps brachii, and about 40 % of relative 
work output for the vastus lateralis and rectus femoris. After this level, other 
muscles may come to action to assist the joint movement due to muscle fatigue 
and contribute to the high variance of EMG power frequencies. 
In comparison, the average MPF decreased more than the average MEDPF when 
measured on the same muscle group. The average MPF decreased by 25 % and the 
MEDPF decreased by 18 % as measured on biceps brachii and brachioradialis. For 
the vastus lateralis and rectus femoris, the MPF decreased by 27 % and the 
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MEDPF only decreased 25 %. Therefore, as Nagata et al. (122) suggested the 
mean power frequency (MPF) may be a more sensitive parameter in detecting 
differences in the obtained spectra. 
5.6 Conclusion 
Mean and median power frequencies decrease in parallel with the decrease of 
work output from the assessed muscles under dynamic condition was evident in 
the athletic group. The decrease was statistically significant at least up to 50 % of 
work output drop in elbow flexion test and up to 60 % of work output in knee 
extension test. 
:、 
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Part 2 
Application of surface EMG in assessing muscle fatigue patterns in 
repetitive dynamic windsurfing pumping action 
5.7 Method 
5.7.1 Subject group 
Two top windsurfers, one male (A) and one female (B), in Hong Kong were 
recruited for this test. Their age, weight and height were 29 yrs, 66.1 kg and 171 cm 
for the male subject, 25 yrs, 58.1 kg and 170 cm for the female subject. 
5.7.2 Procedure 
The subjects were instructed to perform up wind pumping action on a windsurfing 
pumping simulator maximally and continuously for three minutes. The detail about 
the pumping simulator and the preparation procedures has been included in Chapter 
3 and Chapter 4. 
5.7.2.1 Data collection 
Surface EMG signals were recorded from brachioradialis, biceps brachii, 
mid-deltoid, rectus abdominis, erector spinae, quadriceps and hamstring 
(Appendix IV). The EMG sampling method and equipment used were the 
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same as in Part 1 of this Chapter. For each dynamic segment of EMG data, a 
fast Fourier transform was performed, and the mean power frequency (MPF) 
and median power frequency (MEDPF) were calculated. 
5.7.2.2 Data analysis 
The MPF and MEDPF of each assessed muscle of each pumping movement 
were plotted along the time course of the pumping exercise for qualitative 
analysis. In order to smooth the MPF and MEDPF curve lines for easy 
interpretation, the rolling averages of three consecutive data points were 
displayed. 
5.8 Result 
As the MPF and MEDPF response were similar in each tested muscle group during 
three minutes of pumping, the discussion herein after was mainly based on the MPF 
response of the subjects. Figure 18-25 show the change of the MPF and MEDPF 
measured on each muscle group during three minutes of up wind pumping exercise 
for the two subjects. As too much noise was registered from the 90 th second to the 
140 th second on Windsurfer A, the MPF and MEDPF traces within this section 
were ignored for pattern analysis. 
When the assessed muscles' mean power frequency trace patterns of the two 
windsurfers were compared, they were found to be different. For windsurfer A, 
brachioradialis, mid-deltoid, quadriceps showed fatigue characteristics at the first 
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fifteen seconds of the exercise, as about 16-22 % decrease in MPF was identified in 
these muscle groups. In the rest of the time, alternative rise and fall of MPF were 
found in all tested muscles. Brachioradialis was the only muscle demonstrated a 
decrease of 30 % in the MPF analysis for Windsurfer A. For windsurfer B, three 
muscles (mid-deltoid, biceps brachii and rectus abdominis) showed a rise of MPF 
in the first 10 seconds of contraction. Brachioradialis had its MPF dropped about 
35% at the 60th second of the exercise and rose at the 160th second for a while and 
dropped again till the termination of the exercise. Biceps brachii's MPF response 
stayed relatively constant at the first 70 seconds and then decreased by about 23%. 
After another 100 seconds, its MPF rose to its maximal value measured as at the 
70th second. Mid-Deltoid displayed a decrease of MPF twice by about 30 %, the 
first decrease was found at the 30th second and the second decrease was at the 60th 
second. Rectus abdominis's MPF dropped by about 50% after the first 10 seconds 
of rising. At the 40th second, its MPF rose and then dropped again by about 30 % at 
the 80th second. Erector spinae's MPF stayed at relative high level at the initial 30 
seconds and then it decreased by about 45 %. The same pattern happened again at 
the 80th second. For the quadriceps' MPF, it dropped by more than 50 % at the 
90th second and stayed at that level till the end of the exercise. The MPF curve of 
the hamstring was similar to that of the quadriceps, except the hamstring muscle 
showed rising of MPF at the 130th second. 













































































































































Figure 19 Median power frequency response of Brachioradialis, Biceps Brachii and M
id-Deltoid during Pum
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In the previous Chapter, it had been demonstrated that three minutes of continuous 
pumping will induce a fatigue response in the athletic subjects and several muscle 
groups had been suspected to be affected or fatigue the most. In this Chapter, the 
mean and median power frequencies were used as parameters to monitor muscle 
fatigue pattern continuously. 
In Part I of this Chapter, the mean and median power frequencies decreased with 
the work output from the assessed muscles under dynamic condition was 
documented in the athletic group. However, if the EMG frequency power spectra 
(MPF and MEDPF) are dependent on contraction level, it would be a limiting factor 
in the use of them as a diagnostic tool for muscle fatigue evaluation in dynamic 
exercise. Nagata et al. (122)； in their study on the shift of the power spectra 
resulting from 5-7 minute fatigue inducing effort on brachioradialis and biceps 
brachii, stated that starting at 40 % of maximal voluntary contraction, it appears that 
the shift in the spectra observed towards the lower frequencies after fatigue is a 
consistent finding. Hagberg and Ericsson (123) noted that the relationship between 
MPF and contraction level is approximately linear at low contraction level. At level 
in excess of 25-30% of maximal voluntary contraction, the MPF became 
independent of contraction level. This dependence of the MPF on low level of 
contraction is explained by tissue filtering effects, recruitment order and 
distribution of motor unit. 
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As this study was a maximal effort test, all the assessed muscles were supposed to 
work at or close to their maximal contraction level. Moreover, Buchanan et al. (2) 
found that most of the muscle activities exceeded 40% of maximal enveloped 
voluntary contraction during pumping simulation task. Therefore, the decreasing of 
the EMG frequency power spectrum measured from the assessed muscles in this 
study could account for their fatigue condition. 
Gerdle et al. (143) found that there was an increase in MPF at the beginning of 
increasing tension of isometric shoulder forward flexion in trapezius and 
infraspinatus. They explained that this might be due to the increasing of muscle 
contraction level at a verv low force at the start of the exercise. Moreover, Petrofskv 
(144) found that the EMG waveform, being influenced not only by fatigue, but to 
even a larger extent in many cases, the temperature of the exercising muscles, 
which was increasing with working intensity. Therefore, although muscular fatigue 
caused a decrease in the centre frequency, the increase in muscle temperature 
associated with the muscle work opposed these changes by causing an increase in 
the centre frequency. The muscle temperature effect on MPF will be more 
pronounced at the start of exercise as the muscle temperature usually is low during 
the start of muscle work. The other muscles did not show elevating of MPF at the 
start of exercise did not necessary imply that they were not active at the start of 
exercise, it might be because they were contracting very fast and the MPF 
monitoring could not register such changes. 
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The alternative rise and fall of the MPF and MEDPF measured from the assessed 
muscles indicated that inside the muscles, different physiological mechanisms came 
into action during the pumping exercise (100). The decrease in MPF and MEDPF 
were related to the fatigue of the working muscles. In Part I of this Chapter, it has 
been found that dropping of MPF by 37.2 % may be possible to be used as a 
guideline for determining the extent of msucle fatigue. According to this guideline, 
most of the assessed muscles (except biceps brachii) of windsurfer B, and 
brachioradialis of windsurfer A might attain a high fatigue level. On the other hand, 
there was a restitution process after the muscle fatigued in order to recover the MPF 
value. Studies showed that after termination of a sustained contraction, the median 
and mean power frequencies monitored in a muscle have been observed to recover 
(increase towards their initial value) within 4-5 min. (145-148). fCuorinka 1. (149) 
\ \ 
stated that after dynamic fatigue workout, the restitution of the frequency power 
spectra followed a logarithmic course; the original level of the mean power 
frequency was reached mostly during the first 1 to 3 min of recovery. The time 
required for the completion of the restitution process stated above was similar to the 
time lag between the rising and falling of the MPF and MEDPF recorded from 
some of the muscles in this study, for example, brachioradialis and erector spinae of 
windsurfer B. It seems that after any of the working muscles fatigue, their roles may 
be taken up by other muscles. The fatigued muscle will work at a lower intensity 
and giving time for the restitution process to occur. 
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As Lindstrom et al. ( I l l ) had stated that changes in the myoelectric power 
spectrum can be used as an indicator of muscle fatigue for ergonomic purposes, the 
observable difference of EMG frequency power spectra shifting of the current two 
subjects noted in this study might indicate that they might have different muscle 
fatigue pattern in the windsurfing pumping task. That was, the working muscles of 
the two subjects might be activated or employed differently during pumping. This 
supports the statement made by Williams et al. (74) that different individuals have 
different response to fatigue. Dyson et al. (27) found that differences in technique 
were identified between his windsurfing subjects, notably in the order of muscle 
recruitment to participate in the muscle activities. Windsurfer A demanded his 
brachioradialis, mid-deltoid and quadriceps more at the first 15 seconds of the 
( exercise. After that, he seemed to work all the assessed muscles equally and not 
\ ^ 
stressing any particular muscles too much and made them fatigued much, except 
brachioradialis. Therefore, Windsurfer A had his brachioradialis fatigue the most in 
this task according to the extent of dropping of MPF and MEDPF. Windsurfer B 
employed an alternation of working muscles strategy for the three minutes pumping 
action. All her muscles were activated in the first 30 seconds. At the start of the 
second 30 seconds, all the muscles, except brachioradialis and quadriceps, 
displayed fatigue characteristics. Brachioradialis was fatiguing at the 70th seconds 
while the quadriceps was fatiguing after working for 90 seconds. When the 
brachioradialis fatigued, the mid-deltoid and biceps brachii increased their 
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involvement to maintain the power output for 30 seconds and then fatigued again. 
The back muscles (erector spinae) were working more at the first 30 seconds of the 
exercise and right after the quadriceps showed fatigue pattern. The hamstring 
muscles were working similar to the quadriceps. As there was no restitution process 
found in the quadriceps, the quadriceps were still working after they had fatigued. 
Therefore, alternation of muscle activity due to muscle fatigue was noted in the 
windsurfing pumping and this alternation pattern was different for different 
individuals. 
There are limitations of utilizing mean and median power frequencies to register the 
muscle fatigue condition under dynamic condition. Under dynamic condition, the 
inter-electrode distance and muscle fiber diameter (95, 131-133) will affect the 
EMG frequency spectrum collected. Although a fixed epoch in the period of the 
muscle contraction was chosen for analysis, the EMG stability may be varied as 
DeLuca (95) suggested. Muscle contraction force at low intensity level (123, 143), 
muscle temperature (144)，muscle fiber type distribution (126, 127) and skinfold 
layer thickness (129) also have effect on the shifting of the EMG frequency power 
spectrum, therefore more work should be done to identify the contribution of all 
these factors. 
5.10 Conclusion 
Monitoring of EMG frequency power spectrum (mean and median power 
frequency) can provide information about the muscle working and fatigue condition 
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during fatigue inducing exercise. This information can reveal the muscle alternation 
strategies that the athletes employed to sustained the work task. Different subjects 
may employ different strategies, but further work has to be done to identify the 
most efficient way of performing pumping exercise in windsurfing. 
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Based on the results of this investigation, the following conclusion can be made: 
The results of physiological test of elite windsurfers showed that the height and weight 
measurement range for this group of athletes were 174-176 cm and 65-67 kg for males 
and 165-167 cm and 57-60 kg for females. As both height and body weight play an 
important role in helping the athletes to achieve a biomechanic advantage against forces 
generated by wind and water, the narrowness of height and weight measurement ranges 
among these athletes suggested that there might be an optimal body status for the sport. 
The oxygen consumption rate for this group of athletes is about 59.8 ml'^min^kg'^ and 
48.4 ml'^ kg'^ min'^  for males and females respectively. When compared to athletes of 
other endurance sports, the windsurfers exhibited a lower level of aerobic endurance. In 
>、 
contrast, with the past studies in windsurfing, this subject group scored good results in 
the lower body anaerobic test and knee Cybex test. Regarding the sit and reach 
flexibility test and trunk Cybex test results, their scores were relatively good as in 
comparison with other elite athletes in Hong Kong. 
Together with Hong Kong Windsurfing Team, a windsurfing pumping simulator was 
developed in Hong Kong Sports Institute. The elite windsurfers' physiological 
responses were repeatable and consistent as they pumped on the pumping simulator and 
on open water. The test-retest reliability assessment of the pumping simulator indicated 
that the simulator could induce similar physiological responses as well as registered 
similar total work done during pumping on the simulator. 
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The change of muscle response in elite windsurfers during continuous fatigue pumping 
(3-minutes continuous) was assessed by kinematic analysis and continuous EMG (mean 
and median power frequencies) assessment. 
The windsurfers were assessed as a group. From the kinematic analysis of the initial 
cycles, a generalized pattern of joints' movement during pumping was described. In 
comparing the change of the joints' kinematic variables between the initial and final 
cycles, muscle groups included ankle plantar flexor and dorsiflexor, mid-deltoid, waist 
extensor and flexor as well as wrist extensor and flexor, were identified to be affected 
the most after three minutes of maximal pumping action. 
Through the continuous surface EMG study of eighteen scholarship athletes in Hong 
Kong Sports Institute as they performed knee extension and elbow flexion on Cybex 
dynamometer, a statistically significant correlation was found between the decrease of 
MPF and MEDPF and the decrease of registered work output from Cybex. Furthermore, 
it was found that the parallel decrease in MPF and MEDPF and the decrease of work 
output were significant at least up to 50% and 60% of work output drop respectively in 
elbow flexion and knee extension tests. Therefore, it appears that the decreasing of 
EMG in MPF and MEDPF can be used to indicate muscle fatigue in the athletic group. 
In the continuous EMG MPF and MEDPF assessment of two Hong Kong elite 
windsurfers who pumped maximally on the windsurfing pumping ergometer for 3 
minutes, the assessed muscles' fatigue pattern were identified for each of them. By 
comparing the muscle fatigue pattern of the two subjects, it was found that different 
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individual had different fatigue pattern during continuous pumping. This may imply 
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CHAPTER 7. 
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CHAPTER 8. 
Reference Photos 
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Photo 1. Human performance laboratory of Hong Kong Sports Institute. 
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Photo 2. Body Fat test. 
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Photo 3. Pulmonary Function test. 
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Photo 4. Sit-and-reach flexibility test. 
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Photo 5. Static Hand-grip strength test. 
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Photo 6. MVO2 test on a treadmill. 
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Photo 7. Lower body anaerobic test. 
Photo 8. Cybex 6000 and Cybex TEF system. 
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Photo 9. Cybex knee extension and flexion test. 
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Photo 10. Cybex trunk extension and flexion test. 
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Photo 11. Setup for the windsurfing pumping ergometer. 
Photo 12. Set up for the windsurfing pumping ergometer. 
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Photo 13. A windsurfer is doing the pumping action on the ergometer. 
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Photo 14. JVC Camera. 
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Photo 15. Calibration frame of the Peak system. 
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Photo 16. TELEMG system. 
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Photo 17. The Notebook computer for EMG data monitoring and storage. 
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Photo 18. Set up for knee extension test with surface EMG assessment. 
Photo 19. Electrodes attachment for knee extension test. 
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Photo 20. Cybex elbow extension and flexion test. 
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Photo 21. Electrodes attachment sites on Mid-Deltoid, Biceps brachii and 
Brachioradialis. 
Photo 22. Electrodes attachment site on rectus abdominis. 
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Photo 23. Electrodes attachment side on Erector Spinae. 
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Photo 24. Electrodes attachment site on Hamstring (the upper pair). 
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Photo 25. Electrodes attachment site on Quadriceps. 
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Photo 26. A windsurfer is performing the pumping exercise with all the 
electrodes and wires attached on his body. 
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Informed Consent Form 
1 
1 
INFORMED CONSENT FOR PHYSIOT OGICAL AND MTTSCLE ACTION 
ASSESSMENT OF WINDSURFERS 
INTRODUCTION 
The objective of this research is to find out what are the physiological characterist^s 二d 
muscle action in Windsurfing. According to the past findings, information about the effect 
and requirement of windsurfing are limited. Therefore, your contribution is very helpM and 
important. 
EXPLANATION OF THE PROCEDURE : 
You are required to come to the Human Performance Laboratory of the Hong Kong Sports 
Institute for several times. In each time of your visit, you will perform one or two of the tests 
listed below. In each of the test, you must exert all your effort and try to sustain as long as 
possible. 
TESTS: 
MVO2 test : Run on a treadmill and your exhaled gas will be analyzed for 
oxygen consumption. 
Cybex Knee and Elbow test: Perform Knee extension/flexion and Elbow extension/flexion 
on the Cybex 6000 for 5 repetition. 
Lower body anaerobic test: Ride on a air-brake bike for 10 and 30 seconds with 2 minutes 
rest between the two bouts. 
Windsurfing Pumping test: Perform pumping exercise on a pumping simulator for 3 
minutes and EMG will be monitored on some of your muscles. 
INFORMED CONSENT FOR PHYSTOLOGICAL AND MUSCLE ACTION 
ASSESSMENT OF WINDSURFERS 
I have read this form and I understand the test procedures that I will perform. I consent to 
participate in this test. 
Signature 
D ^ Witness 
Questions : 
CONFIRMATION : 
Do you have any major trauma, injury or have done any surgery on your major joints or 
muscle groups within three years ？ Yes / No 
If Yes, which joints have problems : 
and what are the problems : 
INFORMED CONSENT FOR PHYSIOLOGICAL AND MUSCLE ACTION 
ASSESSMENT OF WIND SURFERS 
INTRODUCTION 
The objective of this research is to find out what are the physiological characteristics ~d 
muscle action in Windsurfing. According to the past findings, information about the effect 
and requirement of wind surfing are limited. Therefore, your contribution is very helpful and 
important. 
EXPLANATION OF THE PROCEDURE : 
You are required to come to the Human Performance Laboratory of the Hong Kong Sports 
Institute for several times. In each time of your visit, you will perform one or two of the tests 
listed below. In each of the test, you must exert all your effort and try to sustain as long as 
possible. 
TESTS: 
MV02 test Run on a treadmill and your exhaled gas will be analyzed for 
oxygen consumption. 
Cybex Knee and Elbow tes~\ ; Perform Knee extension/f1exion and Elbow extension/f1exion 
on the Cybex 6000 for 5 repetition. 
Lower body anaerobic test: Ride on a air-brake bike for 10 and 30 seconds with 2 minutes 
rest between the two bouts. 
Windsurfing Pumping test: Perform pumping exercise on a pumping simulator for 3 
minutes and EMG will be monitored on some of your muscles. 
INFORMED CONSENT FOR PHYSIOLOGICAL AND MUSCLE ACTION 
ASSESSMENT OF WIND SURFERS 
I have read this form and I understand the test procedures that I will perform. I consent to 
participate in this test. 
Signature 
Date Witness 
Questions: ___________________________ _ 
CONFIRMATION: 
Do you have any major trauma, injury or have done any surgery on your major joints or 
muscle groups within three years? Yes / No 
and what are the problems: 
---------------------------------
Appendix II 
Technical Specification and Settings 
、 
TELEMG System : 
(B.T.S. Bioengineering Technology & System, Corsico, Italy) 
Main Unit: 
Dimension : 175 mm X 520 mm X 400 mm 
Weight: 13 kg 
Acquisition time : Continuous mode 
High pass filter : 1 Hz 
Low pass filter : 600 Hz 
Notch filter : Off 
Gain : 1 X 
Output mode : Direct 
Portable Unit: 
Dimension : 155 mm X 92 mm X 33 mm 
Weight: 400 gram 
Transmission frequency : 433.92 MHz nominal 
EMG sampling frequency : 5 kHz 
Resolution : 10 bits 
High pass filter : 1 Hz 
Low pass anti-aliasing 
over sampling filter : 800 Hz 
Output data rate : 500 Kbits.sec-1 
Preamplifier to electrodes : 
Distance : 20 mm 
Dimension : 24 mm X 11 mm X 7 mm 
Input differential impedance : 1 X10E12 ohm 
Cable length : 1 m 
Electrodes : Standard clip-type adhesive pre-gelled disposable 
electrodes 
DAOCard-700 (Analog input, digital and timing I/O card): 
(National Instruments Corporation, Texas, USA) 
Resolution : 12 bits 
Input coupling : DC 
Input impedance : 1 Gohm 
CMRR : -72 dB, DC to 60 Hz 
Goniometer - Angle Display Unit: 
(Penny and Giles Biometrics Ltd., Gwent, UK) 
Dimension : 100 mm X 60 mm X 25 mm 
Weight: 180 g 
Output: Analogue (0.5 V to 4.5 V in reference from-180 deg. to +180 
deg.) 
Appendix III 
Normalized angular position trajectories in non-fatigue state (1st set) 
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t pattern - 4th set - Subject 3 
Appendix IV 
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